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INTRODUCTION 
The soil is made up of crystalline minerals as well as 
noncrystalline (amorphous) inorganic components. Crystalline 
minerals, as defined by Wada (1977), are those in which atoms 
are packed in three-dimensional arrangements that exhibit 
regular patterns or "long-range" order. Noncrystalline 
materials have only local and nonrepetitive structures; they 
have only "short-range" order. 
These noncrystalline or amorphous materials play sig­
nificant roles in the soil. Due to their large surface areas, 
they may influence surface properties such as the cation 
exchange capacities of soils. They may precipitate at con­
tact points of soil particles, thereby bonding particle to 
particle. This promotes aggregation or cementation of soil 
particles. Thus, noncrystalline materials are involved in 
the formation of fragipan horizons. Noncrystalline materials 
may also limit the availability of plant nutrients like P 
and K through fixation. Due to their amphoteric nature, 
noncrystalline materials may preferentially retain heavy 
metals. 
Many investigations have involved the noncrystalline 
materials in soils derived from volcanic ash, weathered 
pumice, and other highly weathered and acidic soils. Little 
has been done, however, on the status of noncrystalline 
materials derived from other parent materials. Recent 
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investigations by researchers, including Follet et al. (1965) 
and Mitchell and Farmer (1962), have revealed the occurrence 
of noncrystalline materials in some Scottish soils. These 
occur as coatings and films on minerals. De Mumbrum and 
Chesters (1964) assayed the amount of noncrystalline materials 
in Wisconsin soils by using infrared analysis. 
Iowa soils are pedologically young and have relatively 
high base status. The amounts of noncrystalline materials 
in these soils are considered small and insignificant, making 
their study unattractive. It must be emphasized, however, 
that these small amounts can contribute significantly to the 
physical and chemical properties of these soils and, there­
fore, to their use and management. Also, accelerated erosion 
due to cultivation and geological processes are exposing 
surfaces that were previously buried. These old surfaces 
may be highly weathered enough to contain large amounts of 
noncrystalline materials. Thus, it is necessary to character­
ize and quantify the amounts of the noncrystalline materials 
present in these Iowa soils. 
There has been a general assumption that noncrystalline 
materials, like other reactive components, occur only in the 
fine fraction-of the soil. Most studies dealing with non­
crystalline materials, therefore, have been conducted only 
on the <2 ym clay fraction. However, it has been documented 
that significant amounts of noncrystalline materials occur 
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in the >2 yiti fraction of the soil. It is important, there­
fore, to assay the amount of noncrystalline materials in the 
<2 mm fraction in addition to the <2 ym clay fraction. 
Until the inception of Soil Taxonomy, clay mineralogy 
had not been used as a differentiating criterion in the soil 
classification system. With the adoption of Soil Taxonomy, 
it has been possible to separate several classes of soils 
based on morphological features which are strongly influenced 
by clay mineralogy. Therefore, it is essential to study the 
different clay minerals that exist in soils. Also, the type 
of clay minerals will give an insight into both weathering 
and neoformation reactions that occur in the soil. Secondly, 
with the close association between crystalline and noncrystal­
line materials in the soil, the understanding of the crystal­
line components of the soil will also facilitate our compre­
hension of the processes that affect the associated 
noncrystalline materials. 
The objectives of this study are as follows: 
1. To investigate the depth distributions of noncrystal­
line or amorphous oxides of A1 and Fe in the <2 mm 
fraction of the soil by the use of selective disso­
lution analysis. 
2. To study the depth distributions of free iron oxides 
and different forms of Al in the <2 mm fraction of 
the soil. 
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3. To investigate the relationships between these A1 and 
Fe parameters and other soil and profile properties. 
4. To develop mathematical models to investigate the 
factors that affect the depth distributions of the 
noncrystalline materials in soil. 
5. To use the mathematical models to predict the 
amounts of noncrystalline materials in the soil 
using basic soil information. 
6. To identify and semiquantitatively estimate the 
amounts of different clay minerals in the <2 ym 
fraction of the soil. 
7. To investigate the nature, amounts, and depth dis­
tributions of noncrystalline oxides of Fe, Al, and 
Si in the <2 ym clays through selective dissolution 
analysis and transmission electron microscopy. 
5 
LITERATURE REVIEW 
Noncrystalline or Amorphous Materials 
The inorganic fraction of the soil consists of both 
crystalline and noncrystalline (amorphous) fractions. 
Brindley (1969) defined the amorphous state as lacking order 
and the crystalline state as one which has order. In crystal­
line materials, atoms are sufficiently well-organized to 
yield x-ray diffraction patterns whereas those which do not 
have this property are classified as amorphous. Wada (1977) 
made a recommendation in describing noncrystalline materials 
as those having only local order and not forming structures 
with three-dimensional regularity. Intervention of water 
molecules between the unit layers makes their arbitrary 
rotation or shifts inevitable. Such structures are referred 
to as having "short range" order. Crystalline substances, 
on the other hand, possess "long-range" order in which atoms 
are packed in three-dimensional arrangements that exhibit 
regular patterns. 
In soils, the principal forms of noncrystalline materi­
als are oxides and hydroxides of iron (Fe), aluminum (Al), 
and silicon (Si) and silicates of Al and Fe, all in various 
combinations with water. Most noncrystalline materials are 
most often <2 ym equivalent diameter and they occur 
as weathering products of primary minerals. Tamura and 
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Jackson (1953) proposed a system of structural and energy 
relationships of Fe and Al oxides, hydroxides and silicates 
which fundamentally recognizes the following systems in soil 
or weathering rocks: 
Ionic elements -»• Amorphous material colloids Crystal­
line minerals 
Information on the composition, structure and morphology 
of discrete noncrystalline oxides of Al, Fe, and Si present 
in the soil is very limited. However, different names have 
been assigned to many of them. The name allophane has been 
used to describe noncrystalline materials in various forms. 
Ross and Kerr (1943) used it to describe a group of x-ray 
amorphous clay materials consisting essentially of a solid 
solution of silica, alumina, and water. Fieldes (1966) 
described clay-size material having structural randomness 
as allophane. At the United States-Japan seminar on amor­
phous clay materials in 1969, allophane was defined as 
members of a series of naturally occurring hydrous alumino-
silicates of widely varying chemical composition and which 
are characterized by short-range order, by the presence of 
Si-O-Al bonds, and by a differential thermal analysis curve 
that displays a low-temperature endotherm and a high-
temperature exotherm with no intermediate endotherm (Van 
Olphen, 1971). Allophane has been found in soils derived 
from glacial rock flour or basalt, in Spodosols, as well 
as soils derived from volcanic ash. 
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The name hisingerite was employed by Brown (1955) to 
describe an Fe analogue of allophane which has the chemical 
formular ^^20^. ZSiO^ « 11H2O. Some of the more recent advances 
in the characterization of amorphous and poorly crystallized 
materials involve imoqolite. Imogolite, a hydrous aluminum 
silicate, has a fine threadlike nature and unique diffrac­
tion characteristics. It was first isolated and character­
ized by Yoshinaga and Aomine (1962). It is obtained from 
soils formed from glassy volcanic ash called "imogo." The 
chemical formula of imogolite is intermediate between allo­
phane and kliachite with an approximate composition of 
SiO^'AlgOg'Z.SH^O. 
In addition to these discrete forms of amorphous materi­
als, the occurrence of noncrystalline material as films on 
soil minerals has been alluded to by several workers. Fieldes 
and Williamson (1955) proposed that positively charged amor­
phous aluminosilicates might exist as surface coatings on 
clay minerals. Follet et al. (1965), working on two podzolic 
soils from Scotland, concluded that most of the noncrystal­
line material removed by alkali treatment was coatings that 
cement primary particles into ill-defined aggregates. Jones 
and Uehara (1973) , by employing the transmission electron 
microscope, found noncrystalline materials to be coatings 
of gel-hulls on other particles rather than discrete units. 
Under such conditions, it is difficult, if not impossible. 
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to separate the amorphous and crystalline components without 
changing their nature and properties. 
In addition to discrete noncrystalline material and 
coatings of gel-hulls on particles, amorphous aluminum and 
iron hydroxy materials also occur commonly as interlayer 
"islands" in expansible layer silicates. Rich (1968) 
thoroughly reviewed their nature and occurrence. The 
aluminum-hydroxy interlayers appear in a gibbsite-like mono­
layer structure and disperse randomly as islands in the 
interlayer space. Amorphous hydroxy-Fe interlayers exist 
in the phyllosilicates, although they apparently are less 
than hydroxy-Al. Singleton and Harward (1971) , working on 
two Oregon soils, reported that a hydroxy material occupying 
the interlayer spaces of the 2:1 layers of the mineral con­
sisted of Fe as well as Al and Mg. Extraction of both 
soils with sodium citrate and dithionite clearly demonstrated 
the presence of Fe in the interlayer position. This treat­
ment removed large quantities of Fe and only very trace 
amounts of Al. 
Several factors hu.ve been found to influence the occur­
rence of these iron-hydroxy interlayers. These include the 
moisture status, pH, and other factors that affect oxidation-
reduction processes. Jackson (1962) explained the involve­
ment of Fe in interlayering of 2:1 silicate clays as based 
on wetting and gleying which seem to clean up intergrade 
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minerals. He implied that under anaerobic conditions the 
farric dihydroxy ion would be reduced to ferrous, thus losing 
its capacity to be retained. 
Significance of noncrystalline materials in the soil 
Amorphous soil materials seem to be an insignificant com­
ponent of the clay fraction, but their importance in govern­
ing and determining the properties of associated clay minerals 
cannot be underestimated. The small amounts of noncrystal­
line materials may contribute significantly to the physical 
and chemical properties of soils. These properties are 
important to the soil scientists whose interests lie in the 
fundamental properties of the soil and to the agriculturist 
who is interested in the management of these soils for crop 
production. 
Soil clays and those clays formed in sediment tend to 
differ in properties. These differences could be attributed 
to the formation of thin coatings of amorphous silica and 
alumina on crystalline clay minerals (Beilby layer) which 
modify their properties. The high surface area of these 
noncrystalline materials tends to greatly affect the surface 
properties of the crystalline material. In some instances, 
the spectral properties of crystalline materials have been 
found to be altered (Bigham et al., 1978). 
Kanehiro and Sherman (1956) reported that certain 
Hawaiian soils lose their cation exchange capacity on air 
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drying. This reaction is nonreversible and this is thought 
to be the consequence of crystallization of the amorphous 
oxides and hydroxides of aluminum and iron. In the temperate 
regions of the world, the amorphous material, which is in the 
form of gel-hull coating the crystalline material, gets 
dehydrated. This process produces crystalline oxides which 
become relatively inert and do not return to the amorphous 
condition even on wetting. In certain instances, increase 
in particle size is observed and, in a few cases, secondary 
mineral aggregates, nodules, and concretions are formed 
(Sherman et al., 1964). 
Harlan et al. (1977) and Hallmark and Smeck (1979) sug­
gested that the precipitation of an amorphous phase at con­
tact points between soil particles is the source of the 
strength and brittleness observed in fragipans. They hypoth­
esized that weathering processes release Al, Fe, and Si ions 
which leach dcv.'n into the lower horizons where they 
precipitate. These precipitates are most likely to be con­
centrated at contact points between particles. Upon dehy­
dration and through subsequent polymerization, bonding 
between particles results. 
The fixation of phosphorus and several other divalent 
and trivalent cations by noncrystalline material has been 
observed by several workers. According to Gorbunov 
(1959) , amorphous iron hydroxide absorbs 108 times more 
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phosphorus than crystalline iron hydroxide, while amorphous 
aluminum hydroxide absorbs 137 times more phosphorus than 
its crystalline component. Saunders (1964) attributed this 
high reactivity of amorphous material with phosphorus to the 
high surface area of the former. The (Al-Fe) and (Al-Fe-Si) 
gels have the capacity to react with both soil phosphorus 
and phosphorus applied in fertilizers to form inorganic 
mineral complexes, especially variscite {A1P0^*2K20). 
Certain heavy metals also tend to associate with the 
oxides, which suggests the role that amorphous materials 
may play in the mobility and retention of heavy metals in 
soil. According to Kinniburgh et al. (1976), the noncrystal­
line minerals do not possess a permanent electrical charge; 
instead, their surface charge responds to the type and activity 
of the ions in the ambient solution. Depending on the solu­
tion, the oxides may possess either a positive or a negative 
charge. This surface charge becomes balanced by the 
absorption of counter ions of opposite charge. McBride 
(1978) concluded that divalent and trivalent ions have the 
capability to coprecipitate with alumina even near neutral 
pH. These divalent and trivalent ions occupy octahedral 
coordination sites in the alumina. The presence of these 
coprecipitating cations increases the degree of noncrystal-
linity of alumina and the capacity of alumina to adsorb other 
metals. It is, therefore, logical to conclude that not only 
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does the amorphous material influence the water retention 
but also the nutrient balance between solid surface and soil 
solution, and possibly soil structure. These amorphous 
materials act as binding materials to hold soil particles 
together. 
Methods of identification and estimation 
Traditional methods of identification and estimation 
of the crystalline mineral component of soils, including x-ray 
powder diffraction, differential thermal analysis (DTA), and 
thermal gravimetric analysis (TGA), have severe limitations 
for the quantitative determination of the noncrystalline 
material content in polymineralic soil systems. These 
limitations could be due to one of several reasons: 
1) lack of well-defined parameters, 
2) low detection limits, or 
3) coincidence with parameters of crystalline minerals 
which are also present. 
Selective dissolution analysis has been extensively 
employed in the study of noncrystalline materials. The 
success of this method depends on the large surface area 
and the high chemical reactivity of the noncrystalline 
material. These properties make the noncrystalline material 
more sensitive to chemical dissolution than crystalline 
materials (Wada, 1977). 
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Alkaline reagents such as hot sodium carbonate solution, 
0.5 N sodium hydroxide, and 0.5 N potassium hydroxide have 
been highly favored in chemical dissolution (Hashimoto and 
Jackson, 1960; Mitchell and Farmer, 1962). The effects of 
these chemicals on a variety of soil clay minerals have been 
investigated by Follet et al. (1965) . Ideally, these 
reagents selectively attack the poorly-ordered surfaces 
leaving the ordered surfaces unaffected. This method largely 
depends on the relative strength of chemical bonds which tie 
the structure together and on the reaction rate as controlled 
by specific surface. For this reason, the smaller size 
fraction may undergo a considerable amount of dissolution 
as particles approach the lower limit of crystallinity with 
increasing surface for reaction (Hashimoto and Jackson, 1960). 
Like many analytical methods, this one is not without its 
share of problems and complications. According to Follet 
et al. (1965), there is a continuum of crystalline order, 
ranging from no long-range order to paracrystalline to 
poorly crystalline to well crystalline. It is, therefore, 
difficult to assess adequately the portion of this continuum 
which is extracted by a particular reagent. Other workers, 
including Langston and Jenne (1964) and Wada and Greenland 
(1970), found alkali dissolution of noncrystalline material 
to be rather harsh. It can remove gibbsite and signifi­
cant amounts of kaolinite, halloysite, free silica, and 
montmorillonite. 
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Clays rich in allophanes and other amorphous materials 
tend to exhibit a large capacity for the sorption of anions. 
Interest, therefore, was generated by the large release 
of hydroxyl (-0H) that results when NaF is added to allophanic 
soils (Kawaguchi et al., 1954). Fieldes and Perrot (1966) 
proposed to use this reaction as a rapid test for allophane. 
In this method, aqueous solutions of fluorides at pH values 
above 7 react at hydroxy-aluminum site of soil constituents. 
This reaction releases hydroxyl ions, causing pH to in­
crease with simultaneous formation of fluoro-aluminate. 
Bracewell et al. (1970) devised a technique for measuring 
fluoride reactivity and used it to determine the amounts of 
poorly ordered aluminosilicates in soils. 
Fey and Le Roux (1977) found sodium pyrophosphate to 
possess a specificity for the extraction of amorphous aluminum 
material. They discovered, however, that it dissolved rela­
tively insignificant quantities of Fe and Si. They found 
this reagent to have a high specificity for organically 
bound sesquioxides and obtained a high correlation between 
extracted alumina and organic carbon content. McKeague et al. 
(1971) asserted that sodium pyrophosphate has some advantages 
in that it does not dissolve magnetite, and it is less likely 
to attack easily weatherable iron minerals such as nontronite 
and olivine. Arshad et al. (1972) used potassium pyrophos­
phate to extract noncrystalline material and observed that 
15 
it had a minimal destructive effect on trioctahedral layer 
silicates. 
Acid ammonium oxalate in darkness has been shown to be 
a good selective reagent for dissolution of noncrystalline 
materials (Schwertmann, 1964). A modification of the original 
method by Blume and Schwertmann (1969) , involving a two-hour 
extraction with 0.2 M ammonium oxalate-oxalic acid solution 
at pH 3.5, has been used very extensively. This method has 
the advantage of extracting only amorphous forms of Fe and 
A1 and not crystalline oxides (Wada, 1977). Several workers, 
including McKeague and Day (1966), Lundblad (1924) , and 
Kirkman et al. (1967) , have used this method to differentiate 
between various classes of soils. The validity of this 
method is based on: (1) a significant correlation between 
goethite and the residue, (2) the absence of a correlation 
between dithionite-soluble and oxalate-soluble Fe in numerous 
soil samples, (3) nature of the solution-time curve, and 
(4) the observation that the hematite-goethite ratio in mix­
tures of crystalline and amorphous oxides does not change 
consistently upon oxalate treatment (Schwertmann and Fischer, 
1966). Blume and Schwertmann (1969) used x-ray diffraction 
analysis to show the selective dissolution of amorphous oxides. 
The acid ammonium oxalate method is also not without 
problems. It has also been found to extract Fe and Al from 
organic matter complexes (McKeague, 1967) . It may also 
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partially dissolve magnetite (Baril and Bitton, 1969) and 
perhaps trioctahedral layer silicates (Arshad et al., 1972) 
which, according to Schwertmann (1973), occur in soils as 
the exception rather than the rule. 
Sodium citrate-bicarbonate-dithionite (CBD) solution 
has also been extensively used in the removal of amorphous 
coatings of iron oxides and crystalline iron oxides, such 
as hematite (a-FegOg), goethite (a-FeOgH), and lepidocrocite 
(y-FeOOH). This method was originally proposed by Aguilera 
and Jackson (1953) and later modified by Mehra and Jackson 
(1960) • In this system, sodium dithionite (NagSgO^) is 
employed for reduction of Fe, sodium bicarbonate (pH 7.3) 
as a buffer, and sodium citrate as a chelating agent for 
ferrous and ferric iron. Usually, the amount of reductant 
Fe extracted by this method is called "free iron" and the 
bulk of this iron is in the form of oxides, especially in 
the pl-l range of 5.5 to 7.0. 
Both acid ammonium oxalate- and CBD-extractable Fe and 
A1 values have been found useful in soil genesis and clas­
sification studies. The oxalace values provide an approxi­
mation of the degree of accumulation of amorphous products 
of recent weathering in the horizons of soils formed from 
materials varying widely in texture, color, pH, organic 
matter, and total iron oxides. McKeague and Day (1966) 
proposed that the oxalate extractable-Fe and Al values aid 
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distinguishing podzols from gleysolic soils with pronounced 
horizons of accumulation of dithionite-extractable Fe. 
Podzol B horizons they studied showed distinct accumulations 
of oxalate-extractable Al which was not found in any of the 
gleysolic soils. The relative distribution of amorphous to 
total free oxides has been expressed as "active ratio," ob­
tained as follows: dithioSte^Side ' Since crystallization 
of iron oxides in soils is a major process of soil genesis, 
the Fe^/Fe^ is used as a relative measure of the degree of 
aging or crystallinity of free iron oxides. These active 
ratios have been found to decrease with increase in depth 
within the profile (Blume and Schwertmann, 1969; Juo et al., 
1974) . 
Infrared Analysis 
The technique of infrared absorption analysis has been 
used very successfully in the study of colloidal clays 
and has become a very important tool in the identification 
and sometimes the quantification of amorphous materials in 
soil. Mitchell et al. (1964) critically reviewed the role 
of infrared spectroscopy in the characterization of the 
amorphous inorganic materials in soils. De Mumbrum and 
Chesters (1964) assayed the amount of noncrystalline material 
in a Wisconsin soil through the use of infrared absorption. 
Farmer et al. (1977) found that the extension of the infra­
red spectrum beyond 400 cm ^ region has revealed a distinctive 
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band at 348 cm which is characteristic for synthetic and 
natural imogolite and for related, more poorly-ordered 
structures. Several samples, including volcanic ash soil 
from Okamoto (Yoshinaga and Aomine, 1962) and an encrusta­
tion on limestone from Derbyshire (McKenzie, 1970) , have been 
analyzed using infrared spectroscopy, and positive identifi­
cation of imogolites and other noncrystalline material have 
been made. 
A combined use of dissolution treatment with differential 
infrared spectroscopy (Wada and Greenland, 1970; Wada and 
Tokashiki, 1972) has been used for characterization and 
estimation of amorphous aluminosilicates. In this procedure, 
the different spectra representing the absorption of the 
materials removed by the dissolution treatments are obtained. 
Previous Studies of Depth Functions of 
Acid Oxalate- and CBD-Extractable Al and Fe 
Depth functions of acid oxalate- and CBD-extractable Al 
and Fe and their relationship with clays have been extensively 
studied. In Iowa, no work has been done in terms of the 
amounts and distribution of acid oxalate-extractable Fe and 
Al, but CBD Fe (free iron) and its relationship to other 
soil properties have been investigated. De Leon (1961) 
studied soils in Iowa and found that the soils derived from 
alluvium generally had a uniform distribution of free iron 
in the profile. He obtained free iron contents ranging from 
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0.2 to 1.0 percent. Hutton (1948), Prill and Riecken (1958), 
and Oades (1963) found free iron to be concentrated in the 
clay fraction of the soil. This characteristic, according 
to McLaughlin (1953), could be due to the formation of iron 
oxides which are concentrated in the finer fraction but 
may also result from the formation of iron-containing 
minerals. Swenson and Riecken (1955) found that free iron 
tends to shift from finer to coarser fractions as weathering 
progresses resulting in formation of concretions. 
Much work relating natural drainage to the amount and 
depth distribution of free iron has been done. McKim (1972) 
observed that free iron percentages did not vary appreciably 
with depth in the "oxidized," well-drained profiles. Through 
a test of equality of variances calculated on three depths, 
he concluded that free iron was evenly distributed in these 
well-drained profiles. In the somewhat poorly drained soils , 
including the Grundy, Macksburg, and Mahaska series- free 
iron was primarily found in concretionary and segregational 
forms with small amounts of free iron coating voids. He did 
not find any significant relationship between depth and free 
iron. 
Simonson et al. (1957) found the poorly drained 
Wiesenboden soils in Iowa to be lower in free iron than the 
associated well-drained soils. Poorly drained soils did not 
show an association of clay and free iron in the profile 
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such as was evident in the well-drained Brunizem and Gray-
Brown Podzolic soils. 
Harlan et al. (1977) found free iron to clay ratio to 
be independent of soil drainage suggesting that mottling in 
the more poorly drained soils represents only a rearrange­
ment of Fe within a horizon more than a loss of it. Ashaye 
(1969), working on Nigerian soils, found no correlation be­
tween Fe oxides in five well-drained and moderately well-
drained soils. He asserts that drainage per se has little 
influence on the content of iron oxide or its distribution. 
Harlan et al. (1977) found a significant difference in free 
iron content among drainage classes. They also found FegOg 
to clay ratios to be fairly constant with depth, with degree 
of development, and with drainage. 
Hallmark and Smeck (1979) studied oxalate Al distribu­
tions in some Aqualfs in northeastern Ohio. They found that 
oxalate-extractable Al was high in the upper 40 cm of each 
soil and then decreased regularly with depth. They found 
much of the extractable Al in the upper 4 0 cm to be associ­
ated with organic matter since there was a significant 
correlation between oxalate and pyrophosphate values. 
However, in the B horizons of the fragipan soils studied, 
much of the Al was present in an inorganic, amorphous form. 
In well-drained forest-derived soils, McKeague and Day 
(1956) found that both oxalate and dithionite generally 
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extracted more Fe and A1 from horizons of the sola than from 
the C horizon. Active Fe ratio generally decreased with depth 
a- : was usually below 0.33 in all horizons. There was evi­
dence of some accumulations of Fe and Al weathering products 
in the sola but little or no translocation of Fe and Al. 
with regard to drainage, weakly differentiated Fe and Al 
profiles were obtained on most of the somewhat poorly drained 
forest soils and a marked decrease with depth in the ratio 
of oxalate-to-dithionite-extractable Fe existed. They found a 
high concentration of dithionite-extractable Fe in the Bt 
horizons. Harlan et al. (1977) found that oxalate-extractable 
AlgOg increased from well-drained to somewhat poorly drained 
soils. 
Aluminum 
The role of aluminum in soil formation has received 
increasing attention during the last 40 years because of 
the paramount importance of aluminum in the soil and many 
of its properties. Jackson (1963) claimed that aluminum is 
important in determining soil properties like hydrogen deter­
mines the properties of water and aqueous organic systems, 
including living organisms. Aluminum is the same binding 
element in the mineral component of the soil as carbon is 
in organic matter. 
The following forms of Al in the soil have been well-
documented (Gakhamani, 1977) : 
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1) Trivalent aluminum hydrate, [Al(OH^)g]which 
exists at pH <4 and high Al concentration and at 
a pH of 4.5 and low Al concentration. 
2) The hydrate ions Al (OH) or [Al (OH) (OH^)^]^'^ and 
Al(OH)"^ or [Al(OH) 2 (OH2) ^1"'" form at pH <5.0 as a 
gradual hydrolysis of Al^"*" at an OHzAl ratio of 
<0.2. 
3) Oxyaluminum polymers which form through the linkage 
of individual [Al(OH) (OH^) and [Al (OH) 2 (OH2) 4] 
ions into larger molecules. 
4) Aluminum hydroxide, Al(OH)^ or [Al(OH)^(0^2^ 3^ ° 
which forms at a pH <4.0 and a high Al concentration 
and at a pH of 4.5 and a low Al concentration. 
5) Aluminate, Al(OH)forms at a pH >10 and a high 
Al concentration and a pH >8 and a low Al concentra­
tion. 
5) Alumino-organic compounds (chelates and clathrates) 
which form at various pH and Al concentrations. 
And finally, the 
7) aluminum of primary and secondary minerals. 
Aside from its structural role, Al performs a combina­
tion of other primary and secondary functions in the soil. 
During weathering, Al is released from the mineral and Al^^ 
coordinates with six -OH2 groups. Each -OH2 group dissociates 
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releasing a hydrogen ion in sequence as the pH increases. 
of three courses. Some remain in soil solution, more may 
be adsorbed as monomers to the cation exchange sites of the 
soil, and still more may be adsorbed and then polymerized 
on the surface of clay minerals or adsorbed and then complexed 
by soil organic matter. According to McLean (1976), these 
reactions affect the physico-chemical properties of soils 
which, in turn, affect the plants that grow on these soils. 
The role of aluminum in soil acidity has been alluded 
to by several workers including Chernov (1947), Jackson (1960, 
1963), and McLean (1976). They concluded that the soil 
acidity measured below pH 5.2 is related to monomeric 
alumino-hexahydronium (Al-hex) and not hydronium (H^O^). 
There is sequential dissociation of Al-hex ions as base is 
added (increased pH) releasing hydrogen ions and leaving 
-OH ions in place of the groups: 
The resulting Al 3+ (OH)Al^^, and (OHjgAl^ ions can take one 
AlCOH^®"^"^) g AKOH®*^^) 5* (OH°'^")+H"^ ^  
Al(OH°*^^) 2* (0H°'^) 
AKOH®*^"^)' (OH°"^)_+H'^ A1(0H°"^") . 
Al-hex is a weak acid with a dissociation constant of 
1.08x10"^. Most of the Al-hex ions become adsorbed on 
soil cation exchange sites and can easily be displaced 
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with ordinary unbuffered salt solution such as IN KCl, if 
2+ 
the pH is below 5. At higher pH's, however, OH-Al or 
(OHg)"Al^ is formed either before or after the ions are 
adsorbed to the soil cation exchange sites. There can be 
polymerization of these ions as continuous layers or as 
isolated islands in the interlayer surfaces of clay minerals. 
They can also form complexes with reactive groups of soil 
organic matter. 
Methods have been developed for scientific and practical 
purposes for determining the following groups and forms of 
aluminum: (1) Total aluminum in soil and soil clay which 
is obtained through fusion and analysis of soil and soil 
clay. (2) Free aluminum not included in the crystal lattice 
of silicates. This is extracted by sodium dithionite-citrate 
buffered at pH 4.6 to 4.7. This extractant probably removes 
all of those forms of Al extracted by IN ammonium acetate 
at pH 4.8 plus most of the Al oxides or hydroxides coating 
the surfaces of the soil particles. (3) Amorphous or non­
crystalline aluminum extracted by 0.2 M ammonium oxalate-
oxalic acid at pH 3.5. (4) Aluminum bou: i with organic 
matter. This has been studied by extraction with sodium 
or potassium pyrophosphate (Fey and Le Roux, 1977; Arshad 
et al., 1972). (5) Extractable aluminum which can be removed 
with weak buffer solutions. Ammonium acetate buffered at 
pH 4.8 has been used to study this fraction of aluminum. 
25 
It removes both exchangeable and a fraction of the OH-Al 
polymerized on soil surfaces and of that complexed by organic 
matter. (6) Exchangeable aluminum which is displaced by 
leaching with an unbuffered salt solution such as IN KCl. 
All but one of tnese methods have been used in this study 
to investigate the aluminum status of some Iowa soils. 
Clay Mineralogy 
Although clay mineralogy was not extensively used 
as a differentiating criterion in soil classification systems 
until the birth of Soil Taxonomy, several classes have been 
separated by morphological features which are strongly in­
fluenced by mineralogy. It is., thereforeapparent that the 
importance of a knowledge and understanding of clay mineralogy 
cannot be neglected. 
Many researchers have investigated the sequence of 
weathering of clay minerals. Jackson et al. (1948) proposed 
13 stages, each represented by a type of mineral, but there 
could be an absence of one or more of the intermediate stages 
at any given time. A soil may have a variety of clay minerals 
due to a variety of local conditions. As a consequence, 
within any one soil or soil horizon there can be a variety 
of clay minerals. To explain this phenomenon, various 
hypotheses have been advanced. One hypothesis is that the 
assemblage of clay minerals is not in equilibrium with the 
present condition and that there is a constant alteration 
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of one less stable clay mineral to a more stable one. 
Birkeland (1974) claimed that some of the clay minerals could 
have formed in the past under different environmental condi­
tions and reaction rates which are so slow at surface condi­
tions that these clay minerals become metastable in the 
present environment. 
The weathering stages of a clloid depend on factors 
such as temperature, moisture, acidity, particle size, and 
nature of parent materials. According to Keller (1964), 
materials and energy are important in clay mineral formation, 
and climate and material are descriptive of the process and 
product only to the degree with which they affect the 
chemical system. 
Kerr (1955) does not consider clay minerals to be the 
original products of magmatic crystallization. Rather, they 
result from processes which involve at one extreme the 
action of compressed water vapor and related magmatic fluids 
at temperatures of several hundred degrees centigrade, and 
at the other extreme the action of atmospheric agencies at 
ordinary temperatures. Clay formation and alteration in 
soils are primarily consequences of processes of the latter 
extreme, which includes leaching, deposition, and weathering. 
The clay minerals form slowly and various physical and chemi­
cal conditions may produce different types of clay minerals. 
He also finds climate, topography, vegetation, and original 
sediments to influence the type of clay mineral. The main 
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sequence of mineral weathering is: Illite smectite -» 
kaolinite. The weathering of mica to smectites, as illus­
trated by the equation below, 
(SigAl) (Mg^) (OH) gK+O . SSi^^+O . 25Ca^"^ 
exchangeable cations^^^^3.5^^0.5^ (Mg^jO^^COH)2^^0.25^ 
O.SAl^^+K , 
illustrates that the necessary changes are (1) depotassica-
tion, (2) dealumination of the tetrahedral sheet, followed 
by (3) silication of the tetrahedral sheet (Borchardt, 1977). 
The type of environment conducive for this transformation 
is a low concentration, such as in rain water and in soil 
solutions of heavily cropped-soils. Secondly, Si(OH)^ con­
centrations must be high as provided by mafic minerals with 
Si potentials higher than that of smectite (Huang, 1966). 
Keller (1964) also pointed out that montmorillonite forms 
under conditions of a high Si to Al ratio and a relative 
abundance of Mg, Ca, Fe, Na, and K ions with a low H ion 
concentration. Thirdly, Al concentrations must be low, as 
they are in soils with pH's above 6 or 7. There is also 
evidence for the direct transformation of montmorillonite 
to kaolinite during weathering (Altschuler et al., 1963). 
This reaction involves the inversion of Si tetrahedra and 
2+ 3+ 
removal of Mg and Fe from octahedral positions. 
Clay minerals vary in amounts with depth in some soil 
profiles, but they remain relatively constant in others. 
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Birkeland (1974) claims that this relationship is closely 
associated with the leaching conditions within the soil. 
Extensive leaching results in relatively uniform clay mineral 
distribution while little leaching may not alter the chemical 
conditions strongly enough to favor differences in clay 
mineralogy with depth. Between these two extremes, however, 
differences in leaching with depth might produce enough vari­
ation in chemistry to favor the formation of different clay 
minerals. Jackson (1959) postulated that the frequency dis­
tribution or relative abundance of clay minerals in soils 
varies with the principal factors of soil formation. The 
influence of these factors can be expressed in a variety of 
ways. These could be by (1) the introduction of the clay 
minerals directly, (2) controlling the chemical weathering, 
(3) furnishing abundant divalent cations, (4) impediment of 
drainage, (5) acceleration of leaching when highly perme­
able, (6) intensity of climatic factors, and (7) the type 
and relative abundance of organisms. 
Using chemical and thermal methods, Russell and Haddock 
(1941) estimated that the average content of montmorillonite, 
illite, and kaolinite is 60 percent, 30 percent, and 10 per­
cent, respectively, in five Iowa soils. Beavers et al. (1955) 
found montmorillonite to be the most abundant clay mineral 
in the loess-derived soils and illite and chlorite to be the 
most abundant clay minerals in the unweathered Wisconsin till 
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of Illinois. Hanway et al. (1960) also found out through 
x-ray diffraction analysis that the Iowa soils studied con­
tained montmorillonite, illite, kaolinite, and chlorite, 
with montmorillonite being the most dominant clay mineral. 
They also found variations in the amounts of various clay 
minerals between profiles and also between horizons within 
a profile. Jackson (1959) found secondary layer silicate 
minerals, such as montmorillonite, illite, chlorite, and 
vermiculite, to be the most abundant in the clays of moder­
ately weathered soils of the Midwest. 
The depth distribution of clay minerals has been studied 
by a number of researchers in Iowa. Peterson (1946) observed 
an increase in montmorillonite with depth in the soil profile 
to the B horizon. He explained this trend as being influ­
enced by (1) more weathering, (2) stronger forest influence, 
and (3) more annual precipitation. Handy et al. (1955) ob­
tained similar results on gross clay mineralogy. They also 
observed differences in clay mineralogy across Iowa loess. 
They noted that the cation exchange capacity of the clay 
fraction in southeastern Iowa loess was lower than that of 
southwestern Iowa loess, with more mica occurring in the 
eastern part of the state. Wells (1963) , in contrast, found 
mica content of soils of the prairie soils to decrease toward 
the east. 
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Grossman (1971) investigated the clay mineralogy of 
several highly weathered southern Iowa loess soils. He found 
all the profiles to be montmorillonitic. Due to pedogenic 
removals, he found the E horizons of the transitional and 
forest soils to be low in montmorillonite. Montmorillonite 
was found to be the dominant clay mineral in argillic horizons. 
Only minor amounts of interlayer montmorillonite was found 
and vermiculite was obtained only in the C horizons. 
Glenn et al. (1960) studied in detail the chemical 
weathering of layer silicate clays in loess-derived Tama silt 
loam of southwestern Wisconsin. They found that the pre­
dominant constituents at all depths in the soil profile were 
montmorillonite (42 percent) and illite (20 percent). They 
also found significant amounts of vermiculite (12 percent), 
kaolinite (5 percent), and noncrystalline material (15 per­
cent) . They postulated that the genesis of the loessial 
montmorillonite begins long before the free calcium carbonate 
has been leached out and continues to be a maximum in the B 
horizon. However, they found some evidence of montmorillonite 
eluviation from the A horizon into the B horizon. 
Kovar (1967) found montmorillonite to vary more uniformly 
with depth in the poorly drained prairie soils. Using peak 
areas as indicators of clay mineral abundance in these soils, 
he found that the forested profile had a much lower mont­
morillonite content in the surface layer but had the same 
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general profile distributional trend as the prairie soil. 
He also found the poorly drained soils to have lower amounts 
of illite in the surface than the well-drained soils. In 
the subsoil, both well-drained and poorly drained soils had 
similar amounts of illite. The amounts of kaolinite generally 
increased slightly with depth and did not appear to be 
affected by drainage. 
Factors of Soil Formation 
The formation of soil as perceived by Simonson (1959) 
is (1) the accumulation of parent material and (2) the dif­
ferentiation of horizons in the profile. He claimed that 
there is no clear-cut distinction between these two processes, 
and they can overlap making it impossible to delineate in 
most cases where one begins and where the other ends. 
Horizon differentiation in soils is due to: (1) additions of 
organic matter, elements, ions, and solid particles; (2) 
removals of substances in solution from the profile; (3) 
transformations involving the multitude of organic compounds 
that form during organic matter decomposition, the weathering 
of primary minerals, and the formation of secondary minerals 
and other products; and (4) transfers which generally involve 
the movement of ions and substances with the moving water. 
The balance among these individual processes in a given 
combination thus becomes the key to the nature of a soil. 
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It is obvious from the above discussion that there 
are many processes that combine to form any one soil profile. 
This makes it very difficult, if not impossible, to discuss 
soil formation as a function of a specific process. Jenny 
(1941, 1946, 1958) has tried in several forms to describe 
the main factors that define the soil system and to determine 
mathematically the relationship between soil properties 
and these factors. In 1941, he proposed a state factor 
equation: 
S or s = f(cl, o, r ,  p, t, ....) 
where S denotes the soil, s any soil property, cl the 
"climatic factor, o the biotic factor, r the topography, 
p the parent material, t the time factor, and the dots 
after t represents unspecified factors, such as airfall or 
salts, that might be important locally. 
More elaborate forms of this equation have been pro­
posed, but none has been solved for the reason that if 
all factors are allowed to vary, it would be impossible 
to sort out the effect of each factor on the specific soil 
property under investigation. 
To overcome this problem, Jenny (1961) derived another 
equation in which one factor can be solved for at a time. 
To do this, one factor is allowed to vary while the others 
are held constant. The following functions were established: 
33 
S = f(cl, o, r, p, t, ....) climofunction, 
S = f(o, cl, r, p, t, ....) biofunction, 
S = f(r, cl, o, p, t, ....) topofunction, 
S = f(p, cl, o, r, t, ....) lithofunction, 
S = f (t, cl, o, r, p, ....) chronofunction. 
To solve each function, the first factor (underlined) is 
allowed to vary while the others are held constant. With 
these equations, one can determine the dependency of one (or 
more) soil property on a single factor by appropriate sta­
tistical methods. 
In this study, loess was chosen as the parent material 
for all the soils used. Loess is a silty sediment deposited 
by eolian processes, usually unconsolidated and unstratified. 
The silt may have originated from large amounts of silt-
sized rock flour produced by glacial grinding which was 
carried and deposited by outwash streams. The choice of 
loess as a parent material is due to its homogenous nature 
compared to most other soil parent materials. Also, the 
changes in loess as observed in past studies follow system­
atic and predictable patterns. As this unknown influence 
of the parent material effect is minimized, it can be dis­
counted as a variable, facilitating the study of the other 
soil factors. 
The loess provinces in Iowa have been extensively 
studied and reviewed by several researchers including 
Brown (1936), Schafer (1954), Cain (1955), and Coleman (1980). 
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The native vegetation has been a very important factor 
contributing to soil differences in Iowa and several other 
places. Forest vegetation, which consisted primarily of 
oak and hickory trees, was mostly prominent in eastern Iowa 
and along major drainageways in other parts of the state. 
The remainder of the state (greater than three quarters) 
was covered by tall prairie grasses (Andropogon gerardi) 
or a mixture of prairie grasses and trees (Figure 1). 
The native vegetation has been found to influence dif­
ferences in a number of important morphological, chemical, 
and physical properties. For example, although there is 
not much difference between the amounts of organic matter 
added to the above ground portion of the soil by trees and 
prairie grass, the underground portion of the prairie vege­
tation contributes much greater amounts than the tree roots. 
The prairie-derived soils, therefore, tend to have deep, 
dark-colored surface horizons, while the forest-derived 
soils have thin, moderately dark A1 horizons but thick, 
light-colored E horizons. 
Shrader (1950) studied the differential effects of 
prairie, forest, and prairie-forest vegetation on the clay 
content of loess-derived surface soils in Iowa and Missouri. 
He found prairie soils first increased in surface clay 
content then gradually decreased as the B horizon became 
finer textured. The forest soils, however, were lower in 
Figure 1. Iowa's original forest cover 
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surface clay content than the prairie soils. The transition 
soils occupied a position somewhere in between the two 
extremes. 
Several researchers, including Pearson et al. (1940), 
Fenton et al. (1967), Runge and Riecken (1966), Tembhare 
(1973), and Richardson (1974), have reported the effects 
of different vegetation on soil chemical properties as pH, 
exchange acidity, exchangeable aluminum, available phos­
phorus, total phosphorus, and total carbon. 
Internal drainage is also an important factor whose 
influence on several soil properties has been observed. 
Influence of topography as one of the factors of soil for­
mation reflects the primary influence of drainage. The 
influence of drainage on various chemical properties of 
soils has been discussed above. 
Models and Soil Genesis 
The importance of models in the study of soil genesis 
cannot be overlooked. Models can be used by the soil 
geneticist as framework by which his investigations can 
be guided and also to systematize the results. Dijkerman 
(1974) discussed various forms of models which can be 
employed in a system as complex as the soil. He puts models 
into two groups: concrete and conceptual. 
Concrete models are comprised of physical objects like 
soil samples or typical pedons. Conceptual models, on the 
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other hand, are abstract thoughts created in the mind of the 
researcher. Conceptual models can be one of four kinds: 
mental, verbal, structural, or mathematical. 
Mental models are the beginning process of research. 
Here, the researcher begins to think about a project. After 
satisfying himself mentally, the researcher then translates 
his thoughts into words in what Dijkerman (1974) refers to 
as verbal models. Jenny's (1941) factors of soil formation 
and Simonson's (1959) processes of soil formation are con­
sidered to be verbal models. 
Structural models are means through which the researchers 
indicate the structure and behavior of a system in a form 
of a simple drawing, diagram, or map. To the soil scientist, 
soil maps made in the field are forms of structural models. 
The final form of conceptual models are the mathematical 
models in which the behavior and structure of the system 
are expressed quantitatively in the form of mathematical 
equations. This is not a new concept in the other sciences 
like physics and chemistry and presently its applicability 
in soil science is being explored further. 
Models can serve one of five functions. First, they 
can be observational by which the soil geneticist collects 
data (samples) for laboratory analyses. These samples are 
chosen to be as representative of the population as possible. 
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However, there is always the danger of bias on the part 
of the soil geneticist in choosing "ideal" sites to sample. 
Experimental models are used in systems to simulate 
soil processes and to collect data under controlled condi­
tions. An example of this type of model is the artificial 
preparation of aluminum-interlayers in 2:1 type layer lattice 
clays. Through experimental models, processes which under 
natural conditions would take several years to complete 
are simulated and completed within a short time. 
Descriptive models are used to characterize the system. 
Munsell color notations and soil maps are important examples 
of descriptive models. 
Explanatory models help in understanding relationships 
and behaviors within the system. Stability diagrams of 
minerals under various environmental conditions which are 
based on a theory of thermodynamic equilibrium are con­
sidered as explanatory models. 
Through predictive models, relationships and behavior 
of systems can be forecast. For example, through the 
theory of soil catena, soil scientists are able to predict 
with a certain degree of accuracy soil differences at a 
landscape level. 
The model form tested in this study is a modified ver­
sion of one by Corliss (1958) which was based on Jenny's 
state function. Richardson (1974) used this same model form 
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to study acidity in loess soils of south-central Iowa. A 
basic assumption is made in using this model. It is that 
relative influence of some soil forming factors creates 
sequences of soil types with changes in properties that 
can be observed in the field or in the laboratory. In 
this study, the model is used to study the combined effects 
of three main variables on some soil properties. These 
are degree of profile development, native vegetation, and 
drainage class. 
Profile development as used by Corliss (1958) is ex­
pressed by maximum percent clay in the soil profile. Clay 
contents have been found to have systematic, observable 
change and this property is valuable both in the field and 
in the laboratory as a means of grouping soils. Hunter 
(1950) found a gradational or continuum change in soil 
associations from eastern to south-central Iowa which re­
flects gradual loess thinning with a subsequent increase 
in textural development. The four developmental stages are 
designated as: 
Stage I: Minimally-developed profiles (e.g., Tama), 
Stage II: Medially-developed profiles (e.g., Otley), 
Stage III: Well-developed profiles (e.g., Grundy), and 
Stage IV: Highly-developed profiles (e.g., Seymour). 
The soils chosen for this study fall into four distinct 
natural drainage classes: well-drained, moderately well-
drained, somewhat poorly drained, and poorly drained. The 
soils are also chosen to incorporate three vegetation zones: 
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prairie, prairie-forest transition, and forest. This array 
of three by five of soils (Table 1) was established to study 
the amorphous properties of whole soil, of clays, and also 
the clay mineralogy. 
Table 1. Soil series used in the basic model arrayed in 
profile development, biosequence, and natural 
drainage 
Prairie 
soils 
Stage of 
Transition Forest profile 
soils soils development 
Natural 
drainage 
Tama Downs Fayette Stage I Well 
Garwin Walford Traer Stage I Poor 
Otley Ladoga Clinton Stage II Moderately well 
Grundy Pershing Wellef Stage III' Somewhat poor 
Seymour Kniffin Rathbun Stage IV Somewhat poor 
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MATERIALS AND METHODS 
Soils Used in the Study 
Fifteen soil profiles were used in this study. Six 
of these profiles—Grundy (P916), Pershing (P911) , Weller 
(P909), Seymour (P780), Kniffin (P903), and Rathbun (P906)— 
were obtained from the Iowa State University Agronomy Labora­
tory, and I thank Dr. T. E. Fenton for them. Particle size 
data and pH values on these soils were also made available. 
The remaining nine profiles—Tama (52MB120), Downs (52MB162), 
Fayette (52MB163), Garwin (52MB118), Walford (52MB160), 
Traer (SCS 164), Otley (52MB281), Ladoga (52MB76), and 
Clinton (92MB80) were located—and sampled by the author 
with the help of fellow graduate student Thomas J. Bicki. 
All of these profiles were sampled in Johnson County, Iowa, 
with the exception of Clinton (92MB80) which was sampled 
in Washington County, Iowa. 
Soil cores were collected using a truck-mounted Giddings 
hydraulic soil probe. The cores were wrapped in white freezer 
paper, stored in cardboard core boxes, and stored in a 
freezer. These samples were thawed, described in detail, 
and sampled at a later date. Horizons that were thicker 
than 25 cm were subdivided and subsampled. The samples were 
air dried, crushed to pass a 2 mm sieve, and stored in 
plastic-lined bags for laboratory analyses. 
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Laboratory Analyses 
Hydrogen ion activity (pH) 
Hydrogen ion activity of samples was determined using 
a 1:1 water to soil ratio. A teaspoonful of soil, which 
was ground to pass a 2 mm sieve, was measured into a 25 ml 
beaker. Exactly 1 teaspoonful of distilled water was added 
to the soil. The soil was stirred for a minute and allowed 
to equilibrate for 30 minutes. The mixture was stirred 
once more and, after a second 30-minute period, a corning 
combination pH electrode was placed in the supernatant 
liquid and the pH read on a Fisher Model 420 digital pH/ion 
meter. 
Particle size analysis 
The pipette method proposed by Kilmer and Alexander 
(1949) and modified by Walter et al. (1978) was used in 
determining the particle size. Approximately 10 g of soil, 
ground to pass a 2 mm sieve, were oven dried overnight at 
100°C. Exactly 10 g of this sample were weighed into a 
Pyrex baby bottle. Organic matter in the sample was digested 
overnight using a mixture of 1 percent acetic acid and 10 ml 
of hydrogen peroxide. About 100 ml of water were added to 
the sample and this was boiled on a hot sand bath until 
about 50 ml of the solution evaporated. If organic matter 
still persisted, a second digestion and boiling was carried 
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out until the supernatant was clear. Dispersion of tlie soil 
particles was carried out by adding 10 ml of calgon (sodium 
hexametaphosphate) and 100 ml of distilled water to the soil 
in the bottle. The bottle was stoppered and shaken overnight 
in a reciprocating shaker. Sand size particles (2-0.05 mm) 
were wet-sieved with a 270 mesh screen sieve. Fine silt 
(20-2 ym) and clay (<2 ym) particles were pipetted. The 
amount of coarse silt (50-20 ym) was obtained by difference. 
Organic carbon 
The wet chemical oxidation procedure of Walkley-Black 
(1934) , slightly modified by Schulte (1980), was used to 
determine the organic carbon-content in all horizons of 
these soils. Into a 500 ml Erlenmeyer flask, 0.2 to 0.4 g 
of soil ground to pass a 60 mesh sieve was weighed. Exactly 
10 ml of 1 N Y.^Q.r:20-i were added and the flask was swirled. 
By means of an automatic dispenser, 20 ml of concentrated 
HgSO^ were added to the mixture in the flask which was gently 
swirled again. The flask was allowed to stand on an asbestos 
sheet for 30 minutes after which the mixture was diluted 
with 200 ml of distilled water. To complex any iron in the 
solution, 10 ml of 85 percent phosphoric acid (H^PO^) and 
about 0.2 g sodium fluoride (NaF, measured with a measuring 
spoon) were added. Ten drops of ferroin indicator were 
added and the suspension was titrated with 0.5 N Fe^' 
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(ferrous ammonium sulfate, Fe^NH^lgSO^) to a burgundy 
endpoint, A reagent blank was run following the same pro­
cedure as above, this time without soil. This blank was 
used to standardize the Fe^"*" solution. Percent organic 
carbon was calculated using the following formula; 
% Organic Carbon = of^soi/^ lÏÏÏÏÏÏ % 100 x 1.30, 
where 
B = ml of Fe^"*" solution used to titrate blank, 
S = ml of Fe^^ solution used to titrate sample, 
12/4000 = milliequivalents weight of carbon in g, and 
1-30 is an experimentally developed factor to convert 
easily oxidizable organic carbon to total carbon. 
Exchangeable aluminum 
The method of McLean (1965) was used to determine the 
amount of exchangeable aluminum (KCl-extractable Al) in the 
whole soil. Exactly 10 g of air-dried soil, ground to pass 
a 2 mm sieve, were weighed into a 125 ml Erlenmeyer flask. 
To this, 50 ml of 1 N KCl were added and the flask was 
swirled to mix the contents. This was allowed to stand for 
30 minutes after which the solution was filtered through 
a Whatman No. 1 filter paper into a 100 ml volumetric flask. 
The soil was washed with small aliquots of 1 N KCl solution 
until the 100 ml mark of the volumetric flask was almost 
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reached. The flask was then made up to the mark with KCl 
solution using an eye dropper. 
The amount of aluminum in the solution was determined 
using the titration method. The KCl leachate was trans­
ferred into a 250 ml Erlenmeyer flask. Five drops of 
phenolphthalein indicator were added and the solution was 
titrated with 0.1 N NaOH solution, with constant stirring, 
to a permanent pink endpoint. A drop of 0.1 N HCl was 
added to bring the solution back to the colorless condition 
while 10 ml of NaF solution were added to bring back the 
pink color. The solution was titrated again with 0.1 N HCl 
until the pink color just disappeared. The milliequivalents 
of acid used are a measure of the amount of exchangeable Al. 
Extractable aluminum 
Ten g of a soil sample were weighed into a 125 ml 
Erlenmeyer flask. The soil had been ground to pass a 2 mm 
sieve. Exactly 50 ml of IN ammonium acetate solution 
{adjusted to pH 4.8) were added to the soil. The flask 
was swirled to thoroughly mix the contents and it was 
allowed to equilibrate for 2 hours. The solution was fil­
tered through a Whatman No. 1 filter paper into a 100 ml 
volumetric flask. Soil on the filter paper was washed with 
small aliguots of ammonium acetate solution until the 100 
ml mark of the volumetric flask was almost reached.. The 
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volume of filtrate was adjusted exactly to the 100 ml mark 
and the solution was thoroughly mixed. The milliequivalents 
of aluminum were determined using a Perkin-Elmer Atomic 
Absorption spectrophotometer (Model 560). 
Acid ammonium oxalate extraction 
The acid ammonium oxalate extractant (Tamm's solution) 
was prepared by dissolving 24.9 g ammonium oxalate 
((NH^)2C20^) and 12.6 g oxalic acid (H2C20^•2H2O) in 500 ml 
distilled water. The solution was transferred into a 1 liter 
volumetric flask, diluted to volume, and thoroughly mixed. 
Into a 100 ml centrifuge tube, 5.0 g soil, which had 
been ground to pass through a—2 mm sieve, were weighed. 
Since results of this test were expressed based on the oven-
dried weight of soil, the moisture content of the soil was 
determined. Forty-five milliliters of the Tamm's solution 
were added to the soil in the tube which was tightly stop­
pered and shaken at 260 excursions per minute in a 
reciprocating shaker for 4 hours. Due to the photosensi­
tive nature of this reaction, care was taken to avoid the 
exposure of the sample suspension to either natural or 
artificial light. After the 4-hour shaking period, the 
stopper was gently removed and 10 drops of 0.4 percent 
superfloc solution were added. The tube was stoppered 
again and handshaken for a few seconds. The stopper was 
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removed and the tube was centrifuged for 10 minutes at 
2,000 rpm. If the supernatant was not clear, 5 more drops 
of superfloc were added and the sample was centrifuged again. 
The supernatant was decanted into a 100 ml volumetric flask. 
The soil was washed two times with 20 ml of extracting solu­
tion. Each time, the suspension was thoroughly mixed, centri­
fuged, and the supernatant was decanted into the volumetric 
flask. The extract was made up to volume and thoroughly 
mixed by vigorously shaking the volumetric flask. The con­
centrations of Fe and Al in the solution were determined 
using the Perkin-Elmer Atomic Absorption Spectrophotometer 
(Model 560). For the determination of Fe, 2 ml of the 
original extract were diluted to 100 ml with distilled water. 
For Al, 10 ml of the extract and 5 ml of a 10,000 ppm Na"^ 
solution were diluted to 50 ml with distilled water. 
Citrate-bicarbonate-dithionite (CBD) extraction 
Sodium citrate-bicarbonate buffer was prepared by 
weighing 176 g of sodium citrate (Na^CgK^O^•2K2O) into a 
2 liter volumetric flask. This was dissolved and diluted 
to volume with distilled water. Into a 250 ml volumetric 
flask, 21 g of sodium bicarbonate (NaHCO^) were weighed. 
This was also dissolved in distilled water and diluted to 
volume. The sodium citrate and sodium bicarbonate solutions 
were mixed in a carboy. 
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Four grams of air-dried soil sample (with known moisture 
content) were weighed into a 100 ml plastic centrifuge tube 
and 40 ml of sodium citrate-bicarbonate buffer were added. 
The tube was placed in a constant temperature water bath 
which was set between 75 and 80°C. It was critical not to 
heat the mixture above 80°C because this could lead to the 
formation of ferrous sulfide which would precipitate and 
ruin the analysis. To be sure of the temperature, an addi­
tional centrifuge tube containing 40 ml of sodium citrate-
bicarbonate buffer had a thermometer placed in it to check 
the temperature of the suspension. 
Approximately 1 g of sodium dithionite (NagSgO^), mea­
sured with a calibrated spoon, was added to the tube. The 
mixture was stirred continuously for approximately 30 seconds 
and the contents were allowed to react for a total of 5 
minutes from the time the sodium dithionite was added. A 
second 1-g portion of sodium dithionite was added. The 
mixture was stirred and was allowed a second 5-minute reac­
tion period. After a third 1-g portion of sodium dithionite 
had been added, another 5-minute reaction time was allowed 
and the tube was taken out of the water bath, cooled, and 
centrifuged for 10 minutes at 1400 rpm. The supernatant 
was decanted into a 250 ml volumetric flask. 
Forty milliliters of 0.5 N NaCl were added to the soil 
in the tube, the suspension was well-stirred and centrifuged 
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at 1400 rpm for 10 minutes. The supernatant was again 
decanted into the 250 ml volumetric flask. Sodium chloride 
washing was repeated once more, again with the supernatant 
being decanted into the volumetric flask. The solution 
was diluted to volume with sodium citrate-bicarbonate solu­
tion and thoroughly mixed. The extract was stored in a 
plastic bottle. 
The concentrations of A1 and Fe were determined using 
the Perkin-Elmer Atomic Absorption Spectrophotometer (Model 
560) . For the determination of Fe, 2 ml of the original 
extract were diluted to 100 ml, while 25 ml of the extract 
were diluted to 50 ml for the determination of Al. 
Clay Mineralogy 
The <2 ym cl-ay particles-from selected horizons 
of each of the profiles studied were used for the following 
analyses; x-ray diffraction, total elemental analysis to 
determine the percentage elemental composition of the clays, 
and the determination of the noncrystalline forms of Al^o^, 
FegOg, and SiOg. Electron microscopic observations were 
also made on clays. 
With these objectives, it was absolutely necessary to ob­
tain the clay materials in a state that resembled their origi­
nal forms as near as possible. As an example, noncrystalline 
materials occur both in discrete forms as well as coatings 
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on particle surfaces. In whichever form they occur, they 
are extremely sensitive to chemical reagents. The use of 
chemical soil dispersants were therefore avoided. Instead, 
all dispersion was done ultrasonically. 
About 25 g of air-dried soil sample, ground to pass 
a 2 mm sieve, were put into a 100 ml stainless steel beaker 
and 50 ml of distilled water were added. The beaker was 
placed in an ice bath both of which were then placed on a 
magnetic stirrer. A Branson model W-185C Sonicator was 
used to vibrate the suspension at 80 watts of power for 30 
minutes- By using the magnetic stirrer with a teflon-coated 
magnetic bar, the suspension was continuously stirred during 
the ultrasonic vibration to ensure that the temperature of 
the suspension did not exceed 20°C. 
After 30 minutes, the suspension was washed through a 
270 mesh screen into a 5 gallon plastic container. Sand 
left on the sieve was discarded. Distilled water was added 
to the suspension until the 4 gallon mark was reached. The 
suspension was shaken vigorously for 1 minute to obtain a 
homogenous mixture and then allowed to sit quietly. Using 
Stokes' equation, the time it takes for silt particles to 
settle 10 cm was calculated, and after this time the sus­
pension of clay particles was siphoned into a plastic pail. 
The sedimented portion was brought back into suspension by 
the addition of distilled water. The suspension was 
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vigorously stirred and allowed to settle. The top 10 cm 
was siphoned again. The processes of resuspension and 
siphoning were continued until the supernatant became 
fairly clear. Usually, five times were adequate. 
To concentrate the less than 2 ym particles, the clay-
water suspension was transferred into a special irrigation 
pot. Suction was applied to the pot from the sides by means 
of a suction pump. Water was sucked out of the pot through 
glass tubings into a carboy, leaving the clay particles to 
line the sides of the pot. Using a rubber spatula, clay 
particles were scraped into a beaker. The clay sample was 
freeze-dried and kept in a bottle for further study. 
Acid Dispersion 
For electron optical study of these clays, soils from 
selected horizons were dispersed and suspended in an acid 
medium. Approximately 10 g of soil were put in a baby bottle 
and 100 ml of 6 percent hydrogen perioxide solution were 
added. This was boiled for 2 hours in a water bath kept at 
50°C to destroy the organic matter in the soil. After cool­
ing to ambient temperature, the suspension was transferred 
into a 250 ml plastic bottle and centrifuged at 1500 rpm 
for 10 minutes. The supernatant was discarded and the set­
tled particles were washed once with distilled water to 
remove any soluble salts. About 75 ml of dilute HCl {pH 
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3.5) were added and the soil was ultrasonically dispersed 
for 15 minutes. Sand was washed out and the silt and clay 
particles were suspended in dilute acid solution. Clays 
were siphoned, concentrated, and freeze-dried in the same 
manner as previously described. 
Noncrystalline Materials in Clay 
Approximately 300 mg of less than 2 ym clay were weighed 
into a 100 ml centrifuge tube and 20 ml of 1 N KCl were 
added. The tube was shaken for a few seconds by hand and 
then centrifuged at 1500 rpm for 5 minutes. This process 
of potassium saturation was repeated three more times. The 
clay sample was then washed once with 20 ml distilled water, 
once with 50 percent methanol, once with 1:1 mixture of 
methanol and acetone," and finally with acetone until the 
sample was free of chloride as determined by the AgNO^ test. 
The sample was transferred into an aluminum weighing pan 
and allowed to dry overnight. The weighing pan and its 
contents were left in a desiccator containing CaClg for not 
less than 12 hours. 
Exactly 200 mg of the K-saturated clay sample were 
weighed into a 100 ml centrifuge tube and 40 ml of acid 
ammonium oxalate solution (pH 3.5) were added. The centri­
fuge tube was stoppered and shaken in a reciprocating shaker 
in the dark for 2 hours. The tube was centrifuged for 5 
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minutes at 1500 rpiti and the supernatant was decanted into 
a 100 ml volumetric flask. The clay sample was washed three 
times with small aliquots of acid ammonium oxalate solution, 
each time centrifuging and decanting the supernatant into 
the 100 ml volumetric flask. The solution was made up to 
volume and thoroughly mixed. 
Concentrations of Fe and Al in the extract were deter­
mined using the Perkin-Elmer Atomic Absorption Spectro­
photometer (Model 560). For determining Fe, 2 ml of the 
original extract were diluted to 50 ml with distilled water. 
For Al, 5 ml of 10,000 ppm Na^ solution were added to 25 ml 
of the original extract and made up to 50 ml. The concen­
tration of Si was determined using the method of Weaver et 
al. (1968). 
Preparation of Clay Samples for X-ray 
Diffraction Analysis 
Magnesium saturation {Mg-25°C) 
To saturate the clay samples with Mg, 250 mg of freeze-
dried clay were weighed into a 50 ml centrifuge tube and, 
to this, 5 ml of 6 0 percent hydrogen peroxide were added. 
The tube was put in a water bath (70°C) to digest any organic 
matter in the clay, most importantly, clays obtained from the 
topsoil. Digestion was complete after 30 minutes and the 
sample was cooled- Approximately 10 ml of distilled water 
were added to the clay suspension, which was stirred with 
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a rubber-tipped glass rod and then centrifuged for 5 minutes 
at 1500 rpm. The clear supernatant was discarded and 20 ml 
of 1 N MgClg solution were added. The suspension was well-
stirred and centrifuged again. Magnesium saturation was 
completed by washing the sample three more times with 20 ml 
of 1 N MgClg solution. The sample was washed once with 
50 percent methanol, once with 95 percent methanol, and 
finally with 95 percent acetone until the clear supernatant 
gave a negative test for chloride with 0.1 N AgNO^. 
The clay sample was resuspended in distilled water and 
transferred into a 50 ml stainless steel centrifuge tube. 
The suspension was ultrasonically vibrated for 2 minutes 
after adding 2 drops of 0.1 N NaOH. The clay was then 
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carefully vacuum plated on to an 18 cm ceramic tile by 
the use of a vacuum pump. 
After air-drying the clay on the ceramic tile, it was 
irradiated using a Phillips x-ray generator with Norelco 
goniometer. A Ni-filtered Co Ka radiation, generated at 
40 kV and 25 mA, was employed. A recorder speed of 2° 29 
per minute, a time constant of 0.5 second, and a range of 
100 or 500 cps were employed in scanning the clay from 2 
to 35° 20 for each tile. 
Magnesium ethylene glycol treatment (MgSG) 
After magnesium saturation, a 250 mg clay sample was 
resuspended in a 4 percent ethylene glycol solution. The 
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suspension was ultrasonically vibrated for 2 minutes after 
2 drops of 0.1 N NaOH were added. After vacuum plating the 
clay on a ceramic tile, the latter was placed on a plate in 
a desiccator containing 4 percent ethylene glycol solution. 
The desiccator was put in an oven at 40°C overnight. The 
ceramic tile was removed and cooled in a petri dish for 20 
minutes and then x-rayed. 
Potassium saturation (K-25°C) 
A 250 mg clay sample was given the same treatment as 
the magnesium-saturated sample but, instead of 1 N MgClg 
solution, 1 N KCl solution was used. After x-raying the 
air-dried K-saturated clay, the ceramic tile was heated at 
350°C for 2 hours in a furnace (K-350°C). It was cooled 
in a desiccator a'nd x-rayed. The ceramic tile was further 
heated at 550°C (K-550°C) for another 2 hours, cooled, and 
x-rayed. Thus, for every clay sample, five diffractograms 
were obtained: magnesium saturated (Mg-25°C), magnesium 
ethylene glycol treated (MgEG), air-dried potassium-saturated 
(K-25°C), potassium-saturated sample heated to 350°C for 2 
hours {K-350°C), and finally potassium-saturated sample 
heated at 550°C for 2 hours (K-550°C) 
Semi-quantitative analysis 
The identification and estimation of the relative 
abundances of clay minerals in soils can be very useful in 
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the study of the genesis, morphology, and classification 
of these soils. However, it has been found that the deter­
mination of the relative abundances of different clay 
minerals in soils, either as percentages or parts in ten, 
is not very easy. There are so many factors that interact 
to make any attempts at quantification in soil clay mineral 
studies very uncertain. These factors include: sample 
treatment, slide or ceramic tile preparation, equipment 
conditions, method used in estimating relative abundances, 
and structural as well as chemical variations between mineral 
groups and within the mineral species. 
Pierce and Siegel (1969) applied five of the existing 
techniques to the same sets of diffractograms and came out 
with significantly different amounts of clay minerals. In 
investigating the effect of chemical variation in x-ray 
diffraction analysis. Brown (1951) found that isomorphous 
substitution of Fe for Mg or Al in mica can cause the 001 
intensities to vary as much as 300 percent or more. 
Due to these many factors, there is some doubt whether 
true quantification will ever be attained, especially since 
standardization of methodology between laboratories has not 
been attained. 
A semi-quantitative analysis was used to estimate the 
relative abundances of the clay minerals in the soil. The 
method employed was based on the work of Johns et al. (1954) 
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and Schultz (1964). First of all, an initial clay and 
accessory minerals identification was made based on their 
dOOl reflections. The 001 spacing for smectite, originally 
ISA®, expands to 17-18A° upon glycolation. After heating 
to 550°C, the peak collapses to 10A°. Vermiculite can be 
identified by a dOOl reflection peak at 14A° which does 
not change upon glycolation. This peak collapses incom­
pletely to 10A° after K-saturation, but hydroxy-
interlayered smectites and vermiculites, being non-
discrete were assessed using the shoulder or hump, which 
occurs on the low angle size of the 10A° peak of the K-350°C 
diffractogram. Mica has a dOOl reflection at 10A° and does 
not change either upon glycolation or heat treatment. The 
dOOl spacing of kaolinite occurs at 7A° and it is stable 
upon glycolation and heat treatment up to 350°C; however, 
this peak disappears after heating to 550°C. The dOOl spacing 
of quartz occurs at 4.26A° and it is not affected by any 
treatment. 
Mica was used as an internal standard in the semi­
quantitative analysis; therefore, the integrated area of 
the 10A° peak was compared to the integrated areas of the 
specific identification peaks for the clay minerals. To 
estimate the integrated peak areas, photocopies of the MgEG 
and K-350°C diffractograms were made. These copies were 
used for further work. Using a French curve and a ruler. 
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a baseline, which indicates where the trace would be if the 
minerals producing the diffraction peaks were absent, was 
sketched on the K-350°C. The position of the baseline depends 
upon the intensity of background radiation and upon radia­
tion reflected from other minerals which have similar lattice 
spacings. Since ethylene glycol gives intense background 
radiation (Dr. M. L. Thompson, Dept. of Agronomy, Iowa State 
Univ., personal communication), the baseline on the K-350°C 
diffractogram was superimposed on the MgEG diffractogram. 
The identification peaks discussed above were resketched. 
The peak areas were measured with a planimeter and the mean 
of three consecutive measurements were taken. 
As previously discussed, mica in the sample is being 
used as an internal standard to estimate the relative 
abundances of the clay minerals in the sample. However, 
consideration has to be given to the effect of low angle 
scatter when comparing either peak heights or peak areas. 
Bradley (1953) found that scattering from three-layer clay 
minerals at an angle corresponding to 17A° exceeds by a 
factor of approximately four the reflected intensity of 
similar material contributing scattering at 10A°. 
To be able to compare the integrated intensities of the 
low angle peaks to the 10A° mica peak, a form factor has 
to be applied. Different form factors have been published 
in the literature; however, most of the derivations were 
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done based on diffractograms obtained using Cu Ka radiation. 
Since Co Ka radiation was used in this study, the appropriate 
form factors had to be derived. 
The derivations of these form factors were obtained by 
x-raying 1:1 mixtures of standard mica and standard clay 
and accessory minerals. These standards were obtained from 
the Clay Mineral Society. The integrated peak areas of 
the various clay mineral identification peaks, as discussed 
earlier in this report, were determined. The form factor 
for each clay mineral was obtained by dividing the integrated 
peak area of the mica in the 1:1 mixture by the integrated 
peak area of the clay mineral. The following form factors 
were obtained: 0.36 for smectite, 0.40 for kaolinite, 0.54 
for quartz, and 0.34 for vermiculite. Since no discrete 
hydroxy-interlayered minerals exists, a value of 0.34 was 
used based on the fact that the identification hump is close 
to the vermiculite peak. 
The relative abundances of the clay minerals were calcu­
lated as follows: 
Mica = MgEG 10A° peak area, 
Vermiculite = MgEG 14.2A° peak area x 0.34, 
Hydroxy interlayered smectite and vermiculite = K-350°C 
12-14A° shoulder x 0.34, 
Smectite = MgEG 17-18A° peak area x 0.36, 
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Kaolinite = MgEG 7A° peak area x 0.40, and 
Quartz = K-350°C 4.26A° peak area x 0.54. 
These adjusted, integrated peak areas were summed, then 
each one was divided by the sum of all of them and multiplied 
by 100. 
Total analysis of clays 
Total analysis of clay samples was done using the HF 
digestion bomb technique of Bernas (1968) . Exactly 50 mg 
of dried clay sample were weighed into a 25 ml teflon decompo­
sition vessel. By using an automatic pipette, 0.5 ml of 
aqua regia (a wetting agent), prepared by thoroughly mixing 
90 ml of HCl and 30 ml of HNO^, was added. The aqua regia 
was added drop by drop down the side to wash all particles 
to the bottom of "the vessel. 5 ml portion of HF was 
added to the sample and the vessel was closed. The vessel 
was placed inside the stainless steel Parr digestion bomb 
and the screw cap was hand tightened. The bomb was placed 
in an oven (110°C) for 1 hour, after which time it was 
cooled to ambient temperature. The content of the bomb was 
quantitatively transferred into a 50 ml plastic beaker with 
the aid of 4 to 6 ml of distilled water. To this sample, 
2.8 g of boric acid were added and the mixture was stirred 
with a teflon-coated stirring bar to hasten the dissolution. 
The sample was transferred to a lOO ml volumetric flask and 
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was made up to volume with distilled water. The sample was 
transferred and stored in a 125 ml polyethylene bottle. 
Fe, Al, Si, and K contents of the digest were determined 
by using a Perkin-Elmer Atomic Absorption Spectrophotometer 
(Model 560). 
Transmission Electron Microscopy 
Three horizons each from Tama and Rathbun soils were 
used in this study. Ten-gram portions of each soil sample 
were ultrasonically dispersed as explained under the clay 
mineralogy section. Due to the sensitive nature of electron 
microscopy to contamination, no chemical dispersants were 
used in order to avoid the formation of chemical artifacts. 
One 10-g portion from each horizon was dispersed in distilled 
water while the ether' portion -was dispersed in a dilute HCl 
solution, pH 4.0 (acid-dispersed clay). Siphoning and con­
centration of the <2 ym clays were done in the same manner 
as described under the clay mineralogy section. For the 
acid-dispersed clays, all resuspension was done in dilute 
HCl. Clay samnles were freeze-dried. 
For electron microscopical examination, clay samples 
are put on an inorganic supporting film, in this case, carbon. 
This film was prepared as follows: a fresh piece of mica 
(1x2 cm) was peeled in two halves, and one half was put in 
a vacuum evaporator with the peeled surface up. Pressure 
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-4 in the vacuum evaporator chamber was reduced to 10 mm Hg 
and carbon was evaporated directly on to the mica. By ad­
justing the distance between the electrodes, the thickness 
of evaporated film was regulated until a carbon thickness 
of 100 to 150A° was obtained. 
The evaporated carbon was transferred on to copper 
specimen grids by using the following procedure: a small 
petri dish was filled with clean, distilled water. The 
surface of the water was cleaned again using lens tissue 
paper and a fine mesh copper screen was immersed and rested 
at the bottom of the petri dish. Clean, disc-shaped Cu 
grids (200 meshes to the inch) were lined on the copper 
screen under the water. Carbon film plated on the mica 
flake was separated from the latter by lowering the flake 
into the distilled water in the petri dish at a 45° angle. 
With care, the entire film was floated on the surface of 
the water without any breakage occurring. This was achieved 
by pushing the mica flake deeper and deeper and also as 
gently as possible into the water. Using a wash bottle, 
water was gradually sucked out of the petri dish, making 
sure that the floating carbon was well-aligned with the 
copper grids on top of the copper screen. Water was re­
moved until the carbon coated the surfaces of the copper 
grids. The copper screen with the copper grids was removed 
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from the petri dish and gently transferred into a low 
temperature oven to dry. 
A few milligrams of the <2 ym freeze-dried clay were 
placed in a 100 ml stainless steel beaker containing distilled 
water and this was subjected to mild sonication with a Branson 
Model W-185C sonifier. The concentration of the suspension 
was adjusted by visual inspection to provide adequate quan­
tities of solids to be examined. Using a clean micropipette, 
a drop of this suspension was deposited on each copper grid. 
This was allowed to dry under very low heat for 24 hours. 
Micrographs of specimens were obtained using a Siemens 
Almiscope 1 electron microscope operated at 80 kV with an 
emission current of less than 2pA. Accumulation of contami­
nants can occur on the window of the copper grid if the 
specimen is exposed to the electron beam for more than 1 
minute. To prevent this, shots were taken as fast as pos­
sible, and a new grid window was selected for each different 
exposure. 
Statistical Analyses 
Multiple regression analyses were used to obtain 
prediction equations for two laboratory variables. Helarctos 
II, a computer program developed by Kennedy (1971) , was used 
in fitting the multiple regression equations. This program 
is particularly suited to this kind of study because of its 
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built-in facility to create different functions out of the 
columns of the x-matrix containing a maximum of 100 inde­
pendent variates. In addition, all the regression statistics 
from the regression analyses were printed on the computer 
output as options. 
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RESULTS AND DISCUSSION 
The usefulness of both ammonium oxalate and citrate-
bicarbonate-dithionite (CBD) extractable oxides of Fe and Al 
in the study of soil genesis and classification was discussed 
in the second chapter of this report. The oxalate values 
give an approximate assessment of the degree of accumulation 
of amorphous products of recent weathering in soils. These 
values can help to distinguish podzols from gleysolic soils 
(McKeague and Day, 1966). In Iowa, definite relationships 
have been found between soil properties such as natural 
drainage and parent material and the amounts and distributions 
of CBD FegOg. The relative distribution of amorphous to 
total free oxides, given by the oxalate oxide/dithionite 
oxide ratio, has also, been used as a relative measure of 
the degree of aging or crystallinity of free oxides. 
Fifteen soil profiles were included in this study to 
investigate the depth distributions of both ammonium oxalate-
and CBD-extractable oxides of Fe and Al and two other Al 
parameters of KCl-extractable and ammonium acetate-extractable 
Al. The relationships between these parameters and between 
them and soil physical and chemical properties, such as tex­
ture, pH, and organic carbon, were also investigated through 
simple correlation analyses. 
Multiple regression analyses were used to study the 
effects of soil and profile properties on the amounts and 
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depth distributions of OXAL, ammonium oxalate-extractable 
Al, and EXAL, KCl-extraotable Al. Models were developed 
so that these variables could be predicted from basic soil 
and profile information as inputs. 
Results on the study of clay mineralogy are also pre­
sented. X-ray diffraction analysis was used to identify the 
different clay minerals in selected horizons of thirteen 
soil profiles. Visual documentary evidence on these clay 
minerals was obtained through transmission electron 
microscopy. Estimates of the amounts of the different 
clay minerals were obtained through semi-quantitative 
analysis. The amounts and depth distributions of both 
silica to sesquioxide ratios and the amorphous proportions 
of the total oxides of Al, Fe, and Si were also investigated. 
Results by Soil Series 
Tama series 
Tama soils are minimally developed (stage 1) soils. 
A typical Tama soil has a black, dark brown, or very dark 
grayish brown silty clay loam or silt loam Al or Ap horizon. 
The B horizon is a silty clay loam averaging between 27 and 
35 percent clay. Tama soils are medium to strongly acid 
in most of the solum. 
Tama soils typically occur on upland convex ridgetops 
and sideslopes and on high stream benches. Their slopes 
range from 0 to 20 percent. The parent material is Wisconsin 
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loess and the native vegetation was tall prairie grasses. 
They are the prairie representatives of a biosequence with 
Downs (transition) and Fayette (forest) soils. They are 
well-drained and are classified as fine-silty, mixed mesic 
Typic Argiudolls (Soil Survey Staff, 1979). 
The study profile, 52MB120, has a black heavy silt loam 
Ap horizon that grades into a very dark brown to grayish 
brown silty clay loam A2 horizon. Clay content ranges from 
26 percent in the Ap horizon to 36 percent in the Bt2 horizon. 
Other than the Ap horizon, the profile is strongly acid. 
The amount of organic carbon decreases from 2.6 percent in 
the Ap horizon to 1.2 percent in the BA horizon. FEOD, the 
ratio of ammonium oxalate-extractable (pH 3.5) 2^20^ to sodium 
citrate-bicarbonate-dithionite-extractable is used 
in this study to investigate the relative distribution of 
amorphous to total free Fe oxides. In this soil, FEOD de­
creases gradually with depth. 
Only small amounts of aluminum are in this soil. KCl-
extractable Al (exchangeable Al, EXAL) ranges from trace 
amounts in the A and C horizons to 0.29 meq/100 g in the 
Btl horizon (Figure 2). The correlations between EXAL and 
the following soil parameters, as shôwn in Table 2, are 
highly significant: CLAY (r=0.90**),^ EXTAL or ammonium 
The significance of the linear correlation coefficients 
at the 1 percent and 5 percent levels are designated by ** and 
*, respectively. The terms "highly significant" and "signifi­
cant" refer to significance at the 1 percent and 5 percent 
levels, respectively. 
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Table 2. Correlation coefficients (r-values) at the 5% and 
1% levels of significance between variables, Tama-
Downs-Fayette biosequence 
Between variables Tama^ Downs^ Fayette^ 
CLAY and EXAL .90 „ .82 
EXTAL .92 .71 .95 
OXAL .81 .97 .77 
DITAL .93 .97 .88 
OXFE .59 — — .97 
DITFE .58 .79 .92 
PH -.87 -.55 
EXAL and EXTAL .92 — — .87 
OXAL .66 -67 
DITAL .81 .76 
OXFE .82 
DITFE .60 — — .69 
PH -.70 — .80 
EXTAL 1 and OXAL — — .88 
DITAL .78 .70 .76 
OXFE — — .82 .82 
DITFE .78 .97 .69 
PH -.76 — .64 
OXAL and DITAL. .95 .98 .96 
OXFE .92 .82 
DITFE .75 — 
PH -.80 — 
DITAI 1 and OXFE .80 — — . 9 0 
.77 .64 
PH -.89 — 
OXFE and DITFE — — -.86 .87 
PH -.63 -. 55 
DITFE 1 and PH — 
^For n=15, r-values above 0.53 and 0.63 are significant 
at the 5% and 1% levels, respectively. 
^For n=13, r-values above 0.54 and 0.68 are significant 
at the 5% and 1% levels, respectively. 
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acetate-extractable Al (r=0.92**), and DITAL or the citrate-
bicarbonate-dithionite-extractable AlgO^ (r=0.81**). 
More EXTAL than EXAL was obtained at all depths, and 
EXTAL also showed more variation with depth as shown in 
Figure 2. EXTAL ranges from 0.07 meq/100 g in the Ap horizon 
to 0.92 meq/100 g in the lower Btl horizon. EXTAL has highly 
significant correlations with CLAY, EXAL, DITAL, and DITFE 
or sodium citrate-bicarbonate-dithionite-extractable 
(Table 2). 
There was very little difference in the amounts of 
ammonium oxalate-extractable AlgO^ (OXAL) and DITAL extracted 
from this soil. Both OXAL and DITAL show close relationship 
to CLAY and their distributions show little variation with 
depth (Figure 2). The correlation between OXAL and OXFE, 
ammonium oxalate-extractable FegOg, is highly significant 
(Table 2). 
DITFE ranges from 1.30 percent in the surface horizon 
to 1.76 percent in the Bt2 horizon (Figure 3). OXFE ranges 
from 0.32 percent in the C2 horizon to 0.61 percent in the 
BA horizon. The correlations between these two Fe parameters 
and CLAY are significant (Table 2). 
Downs series 
Downs soils are minimally developed (stage I) soils. 
They typically have very dark brown to very dark grayish 
brown A1 or Ap horizon. The E horizon, when present, is a 
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very dark grayish brown, dark grayish brown, or brown silt 
loam. The B horizon is silty clay loam with clay content of 
27 to 35 percent. The C horizon typically is silt loam. 
The most acid part of the solum ranges from medium to strongly 
acid. 
Downs soils typically are on gently sloping ridgetops 
to strongly sloping sideslopes. The slope gradients range 
from 0 to 25 percent; the soils are well- or moderately-well 
drained. The parent material is loess of Wisconsin age with 
low sand content. They were formed under prairie grasses 
and woodlands of widely-spaced oak and hickory trees. Downs 
soils are the prairie/forest transition members of the Tama-
Downs-Fayette biosequence. They are classified as fine-
silty, mixed, mesic Mollic Hapludalfs (Soil Survey Staff, 
1979). 
The clay content of the study profile, 52MB162, ranges 
from 24 to 35 percent. The E horizon has the least amount 
of clay (24.8 percent) in the solum, and the clay maximum of 
35.2 percent is in the Btl and upper part of the Bt2 horizons. 
The pedon is neutral from the surface down into the Bt4 
horizon and then becomes slightly acid below that horizon. 
The organic carbon in the A horizon averages 2.9 percent and 
it decreases to 0.7 percent in the Btl horizon. The FEOD 
distribution does not show any appreciable variation with 
depth. 
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This Downs profile does not have any EXAL, but appreci­
able amounts of EXTAL are present below the E horizon (Figure 
4). The lack of EXAL in this pedon indicates that the EXTAL 
in it consists exclusively of nonexchangeable forms, namely, 
Al hydroxides, polymeric hydrates, and alumino organic 
complexes. EXTAL increases to the profile maximum (0.58 meg/ 
100 g) in the Bt2 horizon. EXTAL and CLAY are highly cor­
related, as shown in Figure 4 and Table 2, and EXTAL is also 
highly correlated with DITAL, OXFE, DITFE, and OC. 
OXAL and DITAL have identical distribution patterns with 
depth (Figure 4) as is also shown by the near perfect correla­
tion coefficient of 0.98 between them. OXAL ranges from 
0.13 percent in the A horizon to 0.25 percent in the Btl 
horizon. Higher amounts of DITAL than OXAL occur at all 
depths and DITAL ranges from 0.18 percent in the A horizon 
to 0.33 percent in the Bt2 horizon. The distributions of 
OXAL and DITAL with depth have a close association with CLAY 
as shown in Figure 4 and Table 2. 
High amounts of DITFE occur in this Downs profile. It 
ranges from 1.27 percent in the A horizon to 2.01 percent 
in the Bt2 horizon (Figure 5). The correlation between DITFE 
and CLAY is highly significant (r=0.79**). OXFE ranges 
from 0.32 to 0.56 percent with the maximum occurring in the 
BC horizon. 
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Fayette series 
Fayette soils are minimally developed (stage I) soils. 
The typical Fayette soil has a deep very dark gray to very 
dark brown silt loam E horizon. The B horizon is silty clay 
loam having maximum clay of 28 to 35 percent. The BC and C 
horizons are generally silt loam or light silty clay loam. 
Fayette soils are typically mapped on convex ridges, 
sideslopes, and high stream terraces. They formed in oxidized 
and leached loess of Wisconsin Age. The native vegetation 
consisted of deciduous oak and hickory trees and the Fayette 
soil is the forest member of the Tama-Downs-Fayette 
biosequence. They are classified as fine-silty, mixed mesic 
Typic Hapludalfs (Soil Survey Staff, 1979). 
Appreciable amounts of aluminum occur in this soil. 
No EXAL occurs in the A horizon and the upper part of the B 
horizon (Figure 6). The Bt2 horizon has 1.26 meq/100 g; EXAL 
then increases to a peak of 1.71 meq/100 g in the Bt3 horizon. 
Only small amounts of EXAL occur in the C horizon. EXAL 
has highly significant correlations with all other variables 
listed in Table 2. Minimum EXTAL (0.07 meq/100 g) occurs 
in the E horizon and this Al parameter shows a prominent 
maximum (0.85 meq/100 g) in the Bt3 horizon. EXTAL is highly 
correlated with CLAY (Figure 5) and all other variables 
(Table 2). 
Slightly higher amounts of DITAL than OXAL occur in all 
horizons. However, they show almost identical patterns of 
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distribution with depth. They do not show characteristics 
of significant eluviation and they peak in the Bt2 and Bt3 
horizons, as shown in Figure 6. 
The iron parameters, OXFE and DITFE, show considerable 
variation with depth (Figure 7). The DITFE averages 0.95 per­
cent in the A horizon and increases to a maximum of 1.89 per­
cent in the Bt2 and Bt3 horizons. The Ap horizon contains 
0.28 percent OXFE; OXFE then increases to a peak of 0.59 per­
cent in the Bt2 horizon. The distributions of both OXFE and 
DITFE are closely associated with CLAY (Figure 7 and Table 2). 
The correlations between DITFE and FISILT, DITFE and OXFE, 
and DITFE and OC are highly significant. 
Garwin series 
Garwin soils'are-minimally developed (stage I) soils. 
Typically, they have black silty clay loam A horizons with 
average clay contents of 30 to 35 percent. The B horizon 
tends to be mottled dark gray, medium silty clay loam grading 
to lighter gray colors with depth. The highest clay content 
occurs in the lower part of the A horizon or the upper part 
of the B horizon. The B horizon averages 28 to 34 percent 
clay and the C horizon averages 20 to 26 percent clay. The 
solum ranges from medium acid to neutral. 
Garwin soils typically occur on some level, broad, upland 
divides but usually on slightly concave heads of upland 
drainageways. A few of them, however, occur on loess-covered 
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stream benches. Their slope gradients range from 0 to 2 
percent. They typically formed in 6 to 10 feet of loess over 
glacial till. The native vegetation consisted of tall prairie 
grasses and sedges. Garwin soils form a biosequence with 
Walford (transition) and Traer (forest). They are poorly 
drained and are classified as fine-silty, mixed mesic Typic 
Haplaquolls (Soil Survey Staff, 1982) . 
The A horizon of the Garwin study profile, 52MB118, is 
a black silty clay loam with a weighted average clay content 
of 33 percent. The weighted average clay content of the 3 
horizon is 34 percent and the highest clay content occurs 
in the Bwl horizon. The organic carbon content averages 2.7 
percent in the A horizon, decreases to 1.3 percent in the BA 
horizon, and then declines to 0.8 percent in the Bwl horizon. 
The solum is very strongly acid to medium acid, and the C 
horizon is moderately alkaline. FEOD decreases with depth 
in the profile. 
Amounts of EXAL are less than 0.2 meg/100 g in this 
Garwin profile (Figure 8). However, EXTAL ranges from 0.34 
meq/100 g in the Ap horizon to 0.67 meq/100 g in the Bwl 
horizon. The depth distribution of EXTAL parallels the clay 
curve (Figure 8). Highly significant correlations occur 
between EXTAL and EXAL, OXAL, and DITAL (Table 3). The OXAL 
and DITAL distributions are almost constant with depth to 
the bottom of the Bw2 horizon, below which they decrease 
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Table 3. Correlation coefficients (r-values) at the 5% and 
1% levels of significance between variables, Garwin-
Walford-Traer biosequence 
Between variables Garwin^ Walford^ Traer^ 
CLAY and EXAL .87 .84 .92 
EXTAL .85 .88 .90 
OXAL .96 .93 .75 
DITAL .98 .92 .92 
OXFE .85 
DITFE — — — — .85 
PH -.92 -.87 -.88 
EXAL and EXTAL .92 .92 .98 
OXAL .78 .82 — — 
DITAL .79 .85 .97 
OXFE .58 
DITFE .75 
PH -.69 -.71 -.88 
EXTAL and OXAL .77 .81 .65 
DITAL .79 .87 .94 
OXFE -.58 
DITFE .80 
PH — .66 -.71 -.91 
OXAL and DITAL.. .97 .97 .66 
OXFE .91 — 
DITFE — 
PH -.98 -.96 
DITAL and OXFE .91 — — — — 
DITFE — .76 
PH - . 98 -.93 -.85 
OXFE and DITFE — — — — — — 
PH -.92 
DITFE and PH 
^For n=15, r-values above 0.53 and 0.63 are significant 
at the 5% and 1% levels, respectively. 
^For n=16, r-values above 0.49 and 0.61 are significant 
at the 5% and 1% levels, respectively. 
'^For n=10, r-values above 0.62 and 0.75 are significant 
at the 5% and 1% levels, respectively. 
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with depth (Figure 8). The amount of DITAL extracted at all 
depths is greater than OXAL but these two Al parameters have 
almost identical patterns of distribution with depth. In 
this profile, the correlations between both OXAL and DITAL 
with CLAY, OXFE, and PH are highly significant (Table 3). 
OXFE has a profile maximum of 0-44 percent in the Ap 
horizon and decreases gradually with depth (Figure 9). DITFE 
shows a gradual increase with depth into the BC horizon, below 
which the distribution becomes erratic (Figure 9). It ranges 
from 0.99 percent at the soil surface to 2.51 percent in the 
Cgl horizon. 
Walford series 
Walford soils are minimally developed (stage 1) soils. 
They have very dark gray or very dark grayish brown Al or Ap 
horizon. The E horizon tends to be dark grayish brown. The 
B horizon is grayish brown silty clay loam and contains 
mottles. The C horizon typically is silt loam. The A and B 
horizons average 22 and 33 percent clay, respectively. This 
soil is strongly acid in the most acid part of the solum. 
Walford soils are on broad, upland divides or ridgetops 
and high stream benches. The landscape is level or slightly 
depressed, with slope gradients of less than 1 percent. They 
formed in thick Wisconsin loess and the native vegetation 
was deciduous trees and tall prairie grasses. They form a 
biosequence with Garwin (prairie) and Traer (forest). They 
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are poorly to very poorly drained, and they are classified 
as fine, silty, mixed mesic Mollic Ochraqualfs (Soil Survey 
Staff, 1980). 
This study profile, 52MB160, did not meet all the require­
ments of a typical Walford series mapped in Iowa. Thus, it 
has been designated as a variant. This profile has a very 
dark brown, light silt loam A horizon and a very dark grayish 
brown, light silt loam E horizon. The weighted average clay 
in the A, B, and C horizons is 24, 35, and 25 percent, 
respectively. The clay maximum, 42 percent, occurs in the 
Btg2 horizon. The A and E horizons are slightly acid. The 
B horizon is strongly acid to medium acid; pH ranges from 
5.2 in the Btg2 horizon to 5.9 in the BCg2 horizon. The C 
horizon is mildly alkaline. The A horizon has 1.7 percent 
organic carbon and measurable amounts of organic carbon 
were obtained down into the Btg horizon. The FEOD decreased 
down the profile. 
Only the Btg horizon of this profile contains more 
than trace amounts of EXAL (Figure 10); maximum EXAL of 1.30 
meq/100 g occurs in the Btg2 horizon. EXTAL is present 
throughout the entire profile, ranging from trace amounts 
in the A and E horizons to 0.84 meq/100 g in the Btg2 horizon. 
As shown in Figure 10, the distributions of EXAL, EXTAL, and 
CLAY with depth show similar patterns and the correlations 
between any two of the three are highly significant (Table 3). 
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Highly significant correlations occur between EXAL and OXAL, 
DITAL, and PH (Table 3). EXTAL also has highly significant 
correlations with OXAL and DITAL. 
The depth distributions of OXAL and DITAL have almost 
identical patterns. They show a distinct zone of accumula­
tion in the B horizon and they show a close association with 
CLAY (Figure 10 and Table 3). Both OXAL and DITAL range from 
about 0.1 percent in the Cg3 horizon to about 0.33 percent 
in the Btg2 horizon. Slightly more OXAL than DITAL occurs 
at all depths. 
The erratic, but similar, depth distribution patterns 
of OXFE and DITFE are presented in Figure 11. The DITFE 
ranges from 0.55 percent in the BCgl horizon to 2.23 percent 
in the Cg2 horizon; the weighted DITFE mean in this profile 
is 1.06 percent. The range of OXFE in this soil is 0.15 
percent to 0.52 percent and the profile weighted mean is 
0.2S percent. 
Traer series 
Traer soils are at the first stage of development (mini­
mal development). They typically have dark grayish brown Ap 
horizons and dark grayish brown, friable silt loam E horizons. 
All Traer profiles have thin transitional BE horizons and 
mottled dark grayish brown, silty clay loam Bt horizons. 
The Bt horizon averages between 36 and 40 percent clay. The 
C horizon is silt loam at a depth of about 120 cm. 
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Traer soils are on flat or slightly depressional uplands 
and high benches of less than 2 percent gradient. They formed 
in thick Wisconsin loess which is underlain by glacial till. 
Traer soils are poorly or very poorly drained. The native 
vegetation was deciduous oak and hickory trees. They form 
the forest end member of Garwin-Walford-Traer biosequence. 
They are classified as fine, montmorillonitic, mesic Typic 
Ochraqualfs (Soil Survey Staff, 1976) . 
The study profile, SCS164, averages 20 percent clay in 
the A horizon, 33 percent in the B horizon, and 26 percent in 
the C horizon. The highest clay content, 39 percent, is in 
the Bt2 horizon, and the minimum, 18 percent, is in the Apl 
horizon. The pH ranges from 5.0 in the Bt2 horizon to 7.0 
in the Ap2 horizon. The average amount of organic carbon 
in the Ap horizon is 1.2 percent and it drops abruptly to 
0.3 percent in the E horizon. In this profile, organic 
carbon has highly significant correlations with FEOD (r= 
0.72**) and DITFE (r=-0.70**). The depth distribution of 
FEOD is very erratic. 
Significant amounts of A1 were obtained in this profile. 
No EXAL occurs in the A and C horizons. However, appreciable 
amounts are in the B horizon. As shown in Figure 12, the BE 
horizon contains 1.17 meg/100 g of EXAL; EXAL increases to 
a profile maximum of 1.99 meg/100 g in the Btgl horizon and 
then declines to 0-79 meg/100 g in the BCg2 horizon. EXAL 
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has highly significant correlations with CLAY, EXTAL, DITAL, 
and PH (Table 3). In the B horizon where both EXAL and EXTAL 
occur, more EXAL than EXTAL is present. EXTAL ranges from 
0.15 meq/100 g in the E horizon to 1.02 meq/100 g in the 
Btgl horizon. The depth distributions of EXAL and EXTAL, 
which closely follow the clay depth distribution, have dis­
tinct zones of accumulation in the Bt2 horizon. The correla­
tions between EXTAL and CLAY, DITAL, DITFE, and PH are highly 
significant (Table 3). 
The depth distributions of OXAL and DITAL in the solum 
are similar, but that of DITAL parallels the clay curve 
better than the one of OXAL (Figure 12). OXAL ranges from 
0.13 percent in the Ap and E horizons to a peak of 0.27 per­
cent in the Btgl horizon. The minimum amount of DITAL is 
also in the E horizon and its profile maximum is also in the 
Btgl horizon. Only a significant correlation occurs between 
OXAL and DITAL (r=0.65*). 
Like the Al parameters discussed above, minimum OXFE 
and DITFE occur in the E horizon, the horizon of eluviation 
as shown in Figure 13. The E horizon is generally character­
ized by the loss of clay, iron, and aluminum and with a 
resultant concentration of quartz or other resistant minerals 
in the sand and silt fractions. The depth distribution of 
OXFE has a zone of accumulation (0.54 percent) in the Btg3 
horizon. The range of DITFE in this profile is from 0.80 
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percent in the E horizon to 1.68 percent in the Btg2 horizon. 
It then decreases only slightly with depth below the Btg2 
horizon (Figure 13). 
Otley series 
Otley soils are medially developed (stage II) soils. 
They typically have black or very dark brown, silty clay 
loam A horizons containing between 28 and 34 percent clay. 
The Bt horizon ranges in clay from about 36 to 42 percent. 
They have silty clay loam or silt loam C horizons. The soil 
is medium acid or strongly acid in the upper part of the B 
horizon and the lower part of the A horizon. 
Otley soils occur on convex summits, sideslopes of 
interfluves, and high stream benches. Slope ranges from 
2 to 14 percent and the parent material is loess of Wisconsin 
age. The native vegetation consisted of tall prairie grasses. 
The Otley soils form a biosequence with Ladoga (transition) 
and Clinton (forest) soils. They are moderately well-drained 
and are classified as fine, montmorillonitic, mesic Typic 
Argiudolls (Soil Survey Staff, 1979). 
The Ap horizon of the study profile, 52MB281, is a 
heavy silt loam with a clay content of 24.1 percent. The 
texture of the control section is not typical of Otley series 
mapped in Iowa. However, pedon 52MB281 was sampled from an 
area mapped as Otley in Johnson County. This soil has a 
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itiollic epipedon typical of prairie-derived soils. However, 
the silt loam texture of the Ap horizon suggests a certain 
degree of forest influence. This soil could have formed 
initially under forest vegetation. Later in its development, 
prairie vegetation may have encroached on the area and re­
sulted in the development of the mollic epipedon and other 
morphological characteristics typical of a prairie-derived 
soil. 
The weighted average clay in the B horizon is 32 percent 
and the maximum clay content of 34 percent is in the Bt2 
horizon. Reaction of the A horizon is slightly acid and 
grades into medium to strongly acid in the B and C horizons. 
The Ap horizon has 2.0 percent organic carbon. The amount 
of organic carbon decreases to 1.0 percent in the AB horizon, 
below which it declines rapidly to insignificant amounts. 
The distribution of FEOD varies little with depth. 
Figure 14 shows the profile distributions of EXAL, 
EXTAL, DITAL, OXAL, and CLAY. The EXAL in this profile occurs 
in the B horizon and the maximum EXAL, 1.88 meq/100 g, is in 
the Bt2 horizon. EXAL has highly significant correlations 
with CLAY, EXTAL, OXAL, DITAL, DITFE, and PH (Table 4). 
Appreciable amounts of EXTAL were obtained throughout 
the entire profile. The Ap horizon has 0.06 meq/100 g EXTAL; 
EXTAL increases to a prominent maximum, 0.95 meq/100 g, in 
the upper Bt2 horizon (Figure 14). Highly significant 
correlations occur between EXTAL and CLAY, OXAL, DITAL, DITFE, 
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Table 4. Correlation coefficients (r-values) at the 5% and 
1% levels of significance between variables, Otley-
Ladoga-Clinton biosequence 
Between variables Otley^ Ladoga^ Clinton^ 
CLAY and EXAL .77 .96 .73 
EXTAL .88 .94 .97 
OXAL .87 .85 .94 
DITAL .87 .86 .97 
OXFE .64 .68 .74 
DITFE .93 .87 .87 
PH -.76 — .86 -.54 
EXAL and EXTAL .94 .95 .82 
OXAL .64 .87 .58 
DITAL .68 .90 .66 
OXFE .53 .78 .82 
DITFE .81 .87 .85 
PH -.88 — .84 -.71 
EXTAL and OXAL .73 .94 .88 
DITAL .76 .93 .93 
OXFE .53 . .76 .77 
DITFE .87 .90 .93 
PH -.92 -.90 -.63 
OXAL and DITAL .84 .95 .98 
OXFE .85 .88 .62 
DITFE .77 .76 .74 
PH -.57 -.90 — 
DITAL and OXFE .53 .79 . 6 6 
DITFE .70 .75 .80 
PH -.54 -.95 
OXFE and DITFE .64 .57 .76 
PH -.50 -.76 -.54 
DITFE and PH -.88 -.67 -.80 
^For n=16, r-values above 0.48 and 0.61 are significant 
at the 5% and 1% levels, respectively. 
^For n=17, r-values above 0.47 and 0.6 0 are significant 
at the 5% and 1% levels, respectively. 
^For n=14, r-values above 0.52 and 0.65 are significant 
at the 5% and 1% levels, respectively. 
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and PH (Table 4). In the horizons where both EXAL and EXTAL 
were obtained, more of the former was extracted. This is a 
property of soils that seems to be influenced by the native 
vegetation. As presented in Tables 5 and 6, the amount of 
EXAL exceeds EXTAL in the forested and some transition soils. 
Higher amounts of EXAL than EXTAL in the Otley soil could be 
a further indication of the possibility of forest influence at 
a certain stage in its development. 
Slightly higher amounts of DITAL than OXAL occur at all 
depths in the profile and both show close associations with 
CLAY (Figure 14 and Table 4) . OXAL ranges from 0.15 percent 
in the Ap horizon to 0.27 percent in the Bt2 horizon. The 
amount of DITAL ranges from 0.18 percent in the CI horizon 
to 0.38 percent in the lower Btl horizon and the upper Bt2 
horizon. 
The erratic depth distribution of OXFE is shown in 
Figure 15. OXFE ranges from about 0.4 percent in several 
horizons to 0.66 percent in the Bt4 horizon. DITFE ranges 
from 1.34 to 1.82 percent and has a smooth depth distribution 
that is closely associated with the clay distribution (Figure 
15). Highly significant correlations occur between DITFE 
and each of the variables in Table 4. 
Ladoga series 
Ladoga series are medially developed (stage II) soils. 
The typical Ladoga soil has a very dark gray silt loam A1 
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Table 5. Profiles having more exchangeable Al (EXAL) than 
extractable Al (EXTAL) 
Soil Symbol Range of pH 
Native 
vegetation 
Fayette 52MB163 4.9-6.2 Forest 
Traer SCS164 5.0-7.0 Forest 
Otley 52MB281 5.0-6.5 Prairie 
Ladoga 52MB76 4.6-6.7 Transition 
Weller P909 4.3-6.7 Forest 
Kniffin P903 4.6-6.3 Transition 
Rathbun P906 4.1-6.5 Forest 
Table 6. Profiles having more extractable Al (EXTAL) than 
exchangeable Al (EXAL) 
Soil Symbol Range of pH 
Native 
vegetation 
Tama 52MB120 5.1-6.1 Prairie 
Downs 52MB162 5.9-7.3 Transition 
Garwin 52MB118 4.7-7.9 Prairie 
Walford 52MB160 5.2-7.7 Transition 
Clinton 92MB80 5.0-6.8 Forest 
Grundy P916 5.0-6.6 Prairie 
Pershing P911 5.0-5.9 Transition 
Seymour P780 5.4-6.6 Prairie 
or Ap horizon with dark grayish brown or.grayish brown E 
horizon. The E horizon becomes incorporated in the Ap horizon 
when the soil becomes eroded. The Bt horizon is normally 
silty clay loam or silty clay which contains 36 to 42 percent 
clay. The C horizon is a brown silt loam. The solum is 
medium to strongly acid in the most acid part. 
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Ladoga soils are on convex summits of interfluves, side-
slopes, and high stream benches. Commonly, they are on 
rolling uplands that border stream valleys. Their slope 
gradients range from 2 to 18 percent. The parent material 
consists of thick Wisconsin loess. The native vegetation was 
oak-hickory trees and tall prairie grasses. They are the 
intergrade members of the Otley (prairie)-Ladoga-Clinton 
(forest) biosequence. They are moderately well-drained and 
are classified as fine, montmorillonitic, mesic Mollic 
Hapludalfs (Soil Survey Staff, 1980) . 
The study profile, 52MB76, has a very dark gray silt 
loam Ap horizon and a dark brown silt loam E horizon. The 
weighted average clay contents of the A, B, and C horizons 
are 27, 32, and 25 percent, respectively. The clay maximum 
of 37 percent is in the Btl horizon and the minimum of 23 
percent is in the E horizon. The solum is medium to very 
strongly acid while the C horizon is slightly acid. Organic 
carbon content of the Ap horizon is 1.8 percent. It declines 
sharply in the BE horizon and there are insignificant amounts 
below the Bt3 horizon. FEOD decreases gradually with depth. 
No measurable amounts of EXAL are in the A and E horizons. 
Below the E horizon, however, the depth distribution of EXAL 
parallels the depth distribution of CLAY (Figure 16). 
Maximum EXAL of 1.80 meq/100 g is in the Bt2 horizon. EXAL 
is highly correlated with all variables listed in Table 4. 
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Only the B horizon contains any appreciable amounts of 
EXTAL. The depth distribution of EXTAL is quadratic and the 
maximum amount of EXTAL of 1.09 meq/100 g is in the lower 
Btl and upper Bt2 horizons. The correlations between EXTAL 
and all other variables are highly significant (Table 4). 
More DITAL than OXAL occurs at all depths in the profile; 
however, they have almost identical depth distribution 
patterns. DITAL ranges from 0.18 percent in the CI horizon 
to 0.34 percent in the Bt2 horizon. OXAL ranges from 0.13 
to 0.29 percent. All correlations between OXAL and DITAL 
and the other variables listed in Table 4 are highly 
significant. 
Figure 17 shows the depth distributions of DITFE, OXFE, 
and CLAY. The range of DITFE in this profile is 1.29 percent 
in the Ap horizon to 1.80 percent in the Bt2 horizon. The 
distribution patterns of DITFE and CLAY with depth are almost 
identical and, hence, the correlation between them is highly 
significant (Table 4). The depth distribution of OXFE is 
erratic to the top of the Bt4 horizon, below which it de­
creases gradually with depth. 
Clinton series 
Clinton series are medially developed (stage II) soils. 
A typical Clinton soil has a very dark gray or dark grayish 
brown, silt loam A1 or Ap horizon and dark grayish brown to 
brown E horizon. The Bt horizon is brown, dark yellowish 
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brown, or yellowish brown silty clay loam with an average 
clay content of 36 to 42 percent. The C horizon is brown or 
yellowish brown silt loam. 
Clinton soils are mapped on convex summits of inter-
fluves, upper sideslopes, and high stream benches with slope 
gradients ranging from 0 to 25 percent. The parent material 
is 5 to 14 feet of Wisconsin loess and the native vegetation 
consisted of deciduous forest of the oak-hickory type. They 
are in a biosequence with Otley (prairie) and Ladoga (forest/ 
prairie transition). They are moderately well-drained and 
are classified as fine, montmorillonitic, mesic Typic Haplu-
dalfs (Soil Survey Staff, 1981). 
Pedon 92MB80, the representative Clinton profile for 
this study, has a dark grayish brown, light silt loam Ap 
horizon with 20 percent clay. The BE horizon is yellowish 
brown and contains 27 percent clay. The Bt horizon has a 
weighted average clay content of 32 percent; the clay maxi­
mum, 37 percent, occurs in the upper Bt2 horizon. Organic 
carbon content decreases from 1.8 percent in the Ap horizon 
to 0.5 percent in the Bt3 horizon. The reaction of the Ap 
and BE horizons is neutral while the Bt and C horizons are 
strongly acid. The depth distribution of FEOD is extremely 
erratic. 
For a forested soil, this Clinton pedon is very low in 
EXAL and EXTAL. Only small amounts of EXAL and EXTAL occur 
in this profile with EXAL occurring mostly in the B horizon 
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(Figure 18). More EXTAL than EXAL was obtained in horizons 
where both were extracted. Their distributions are closely 
associated with the depth distribution of CLAY as shown in 
Figure 18. Highly significant correlations occur between 
these two Al parameters and CLAY, DITAL, OXFE, DITFE, and PH 
(Table 4). The correlation between EXAL and OXAL is signifi­
cant while the correlation is highly significant between 
EXTAL and OXAL. 
The depth distribution patterns of OXAL and DITAL are 
similar (Figure 18). Slightly higher amounts of DITAL than 
OXAL were obtained at all depths in the profile. OXAL ranges 
from 0.12 percent in the Ap horizon to 0.28 percent in the 
Bt2 horizon; OXAL is highly correlated with CLAY", EXTAL, 
DITAL, and DITFE (Table 4). Minimum DITAL, 0.15 percent, 
is in the Ap horizon and the maximum, 0.35 percent, is in 
the upper Bt2 horizon (Figure 18). DITAL has highly sig­
nificant correlations with all other variables listed in 
Table 4. 
The OXFE in this profile ranges from 0.35 to 0.54 per­
cent and its distribution with depth is somewhat variable 
from horizon to horizon (Figure 19). The distribution of 
DITFE is smooth with depth, with the minimum in the Ap horizon 
and a maximum in the Bt3 horizon. The correlations between 
both OXFE and DITFE and most other variables listed in Table 
4 are highly significant. 
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Grundy series 
Grundy soils are well-developed (stage III) soils. They . 
have a very dark brown to black silt loam or light silty 
clay loam A horizon which ranges from medium acid to neutral. 
The B horizon tends to be dark grayish brown silty clay with 
mottles. The upper 51 cm of the argillic horizon averages 
between 42 and 48 percent clay. The C horizon is olive gray 
light silty clay loam and contains mottles. 
Grundy soils occupy gently to moderately sloping areas 
on slightly convex ridgetops, upper parts of sideslopes, and 
high bench-like old stream terraces on interstream divides. 
Their slope gradients range from 0 to 9 percent. They formed 
in loess of Wisconsin age which is underlain by Kansan and 
Nebraskan till. Their native vegetation consisted of tall 
prairie grasses. They form a biosequence with. Pershing (tran­
sition) and Weller (forest) soils. They are somewhat poorly 
drained and are classified as fine, montmorillonitic, mesic 
Aquic Argiudolls (Soil Survey Staff, 1979) . 
The weighted averages of clay in the study profile, 
P916, are 27, 40, and 29 percent in the A, B, and C horizons, 
respectively. The clay maximum, 42 percent, occurs in the 
Bt2 horizon. The A horizon is medium acid, while the B 
horizon is strongly acid. The organic carbon content is 1.9 
percent in the Ap horizon and decreases to 1 percent in the 
BA horizon. FEOD decreases gradually but erratically with 
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depth in the profile- The correlation between FEOD and 
organic carbon is highly significant (r=0.87**). 
Small amounts of EXAL are present in this soil only in 
the B horizon (Figure 20). The greatest amount, 0.36 meg/100 
g, is in the Bt2 horizon. Highly significant correlations 
occur between EXAL and CLAY, EXTAL, OXAL, DITAL, and PH 
(Table 7). More EXTAL than EXAL is in this soil. EXTAL 
ranges from 0.11 meg/100 g in the Ap horizon to 0.76 meg/100 g 
in the Bt2 horizon. Its distribution with depth parallels 
the clay curve. The correlations between EXTAL and CLAY, 
EXAL, OXAL, DITAL, and PH are highly significant (Table 7). 
Similar amounts of OXAL and DITAL are in this profile, 
and both of them have close associations with CLAY as shown 
in Figure 20. Maximum contents of both OXAL and DITAL are 
in the Bt2 and Bt3 horizons. Both seem to be highly pH 
dependent as shown by their highly significant correlations 
with PH (Table 7). OXAL ranges from 0.15 to 0.35 percent, 
and DITAL ranges from 0.13 to 0.37 percent in the profile. 
The sigmoid distributions of OXFE and DITFE with depth 
are shown in Figure 21. The high OXFE amounts of 0.56 and 
0.51 percent are in the Btl and C2 horizons, respectively. 
The maximum D-ITFE amounts occur in the Bt2 and C2 horizons. 
The correlation between OXFE and CLAY is nonsignificant and 
that between DITFE and CLAY is only significant (r=0.54*). 
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Table 7. Correlation coefficients (r-values) at the 5% and 
1% levels of significance between variables, Grundy-
Pershing-Weller biosequence 
Between variables Grundy^ Pershing^ Weller^ 
CLAY and EXAL .86 .67 .70 
EXTAL .87 .68 
OXAL .79 .71 
DITAL .78 .72 
OXFE —— —— —— 
DITFE .64 — .84 
PH -.70 — -.63 
EXAL and EXTAL .94 .81 .92 
OXAL .87 .79 .93 
DITAL .93 .88 .92 
OXFE — — .81 
DITFE — — .91 
PH -.75 -.74 -.78 
EXTAL and OXAL .83 .93 .84 
DITAL .87 .90 .84 
OXFE — .74 .80 
DITFE .61 .70 .79 
PH -.73 -.86 -.72 
OXAL and .DITAL. .97 .96 .99 
OXFE — .81 .70 
DITFE — — .79 
PH -.95 -.79 -.74 
DITAL and OXFE — — .69 
DITFE — — .77 
PH -.90 -.79 -.73 
OXFE and DITFE — .76 .87 
PH — — — 
DITFE and PH — — -.74 
^For n=12, r-values above 0.56 and 0.70 are significant 
at the 5% and 1% levels, respectively. 
^For n=9, r-values above 0.66 and 0.79 are significant 
at the 5% and 1% levels, respectively. 
^For n=ll, r-values above 0.59 and 0.73 are significant 
at the 5% and 1% levels, respectively. 
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Pershing series 
Pershing soils are well-developed (stage III) soils. 
The A1 horizon typically is very dark gray to very dark grayish 
brown. The E horizon tends to be dark grayish brown, but 
some Pershing profiles have grayish brown E horizons. The 
B horizon is a mottled grayish brown and yellowish brown 
silty clay with clay contents ranging from 42 to 48 percent. 
The solum is strongly or very strongly acid. 
Pershing soils are in belts on convex slopes bordering 
the flat interstream divides in the loess-covered Kansan 
and Nebraskan till plain. They are also on benches. Their 
slope gradients range from 2 to 9 percent. The native vege­
tation was mixed grasses and deciduous trees and they are the 
transition members of the Grundy-Pershing-Weller biosequence. 
They are somewhat poorly and moderately well-drained soils 
and are classified as fine, montmorillonitic, mesic Udollic 
Qchraqualfs (Soil Survey Staff, 1975) . 
The Pershing profile for this study, P911, has a very 
dark gray, silt loam Ap horizon and dark grayish brown E 
horizon. Clay content ranges from 22 percent in the Ap 
horizon to 44 percent in the Btl horizon. The pH has a very 
narrow range (5.0-5.9) in this profile. The profile minimum 
pH is in the BE and Btl horizons. Organic carbon content 
of the Ap horizon is 1.9 percent and it decreases to 0.6 
percent in the E2 horizon. FEOD has a very erratic depth 
distribution. 
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The amount of EXAL ranges from a trace in the E2 horizon 
to a maximum of 0.82 meq/100 g in the Btl horizon (Figure 22). 
It decreases to 0.17 meq/100 g in the Bt2 horizon. Highly 
significant correlations occur between EXAL and both EXTAL 
and DITAL (Table 7). Significant correlations occur between 
EXAL and CLAY (r=0.67*), OXAL (r=0.79*), and PH (r=-0.74*). 
More EXTAL than EXAL is present in all horizons except the 
Btl horizon. Only a small amount of EXTAL is in the Ap 
horizon while the maximum EXTAL, 0.64 meq/100 g, occurs in 
the Btl horizon (Figure 22). 
Highly significant correlations occur between EXTAL and 
EXAL, OXAL, DITAL, and PH (Table 7) . EXTAL is also signifi­
cantly correlated with OXFE (r=0.74*) and DITFE (0.70*). 
Amounts of OXAL and DITAL are similar in all horizons 
(Figure 22). The maximum amounts of OXAL and DITAL are in 
the Btl horizon, which also is the horizon of maximum CLAY. 
Highly significant correlations occur between OXAL and EXTAL, 
DITAL, OXFE, and PH and between DITAL and EXAL, EXTAL, and PH 
(Table 7). 
Both Fe parameters, OXFE and DITFE, have erratic distri­
butions with depth (Figure 23). OXFE ranges from 0.44 percent 
in the Ap and El horizons to 0.65 percent in the Bt2 horizon. 
The DITFE minimum is in the El horizon and the maximum of 
1.62 percent is in the E-2 horizon. 
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Weller series 
Weller soils are well-developed (stage III) soils. 
These soils have A horizons that range from very dark gray 
to dark grayish brown in color. The E horizon typically is 
grayish brown or brown but can also be dark grayish brown. 
The upper part of the Bt horizon is commonly dark yellowish 
brown or yellowish brown and contains mottles. The solum 
is strongly or very strongly acid. 
Most Weller soils are on convex ridgecrests and side-
valley slopes surrounding the nearly level, stable, upland 
divides in the loess-covered Kansan till plain. Some of 
them are on benches. Their slope gradients range from 2 to 
14 percent. Deciduous trees were the native vegetation. 
The Weller series represent the forest member of the Grundy-
Pershing-Weller biosequence. They are classified as fine, 
montmorillonitic, mesic Aquic Hapludalfs (Soil Survey Staff, 
1983) . 
The A horizon of the study profile (P909) has a dark 
gray silt loam A1 horizon and brown to yellowish brown E 
horizon. The Bt horizon is mottled and has an average clay 
content of 41 percent. The clay maximum of 48 percent is 
in the Btl horizon. The C horizon is grayish brown, light 
silty clay loam with 31 percent clay. The profile is very 
strongly acid except in the A and C horizons which are 
neutral and medium acid, respectively. Organic carbon content 
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of the A horizon of this uncultivated soil is quite high 
(3.04 percent). It decreases to 1.01 percent in the El 
horizon and then declines to 0.57 percent in the E2 horizon. 
FEOD distribution with depth is erratic. 
Large amounts of EXAL and EXTAL are in this soil (Figure 
24). Only small amounts of EXAL are in the A and El horizons. 
The E2 horizon, however, has 2.56 meq/100 g of EXAL. The 
maximum EXAL, 8.47 meq/100 g, is in the Btl horizon, also 
the horizon of maximum clay. Highly significant correlations 
occur between EXAL and all variables listed in Table 7 except 
CLAY. The correlation between EXAL and CLAY is significant 
(r=0.70*). 
EXTAL ranges from 0.28 meq/100 g in the surface horizon 
to 4.26 meq/100 g in the BE horizon. The depth distribution 
of EXTAL is similar to that of EXAL, although the former peaks 
at a shallower depth (53 cm). Their depth distributions 
show a close association with CLAY (Figure 24). EXTAL is 
highly and significantly correlated with all variables listed 
in Table 7 except CLAY. The correlation between EXTAL and 
CLAY is significant (r=0-72*). 
The depth distributions of DITAL and OXAL are very simi­
lar (Figure 24) and both are almost perfectly correlated 
(r=0.99**). OXAL and DITAL minima are in the C horizon. 
They peak in the Btl horizon. Their correlations with CLAY 
are nonsignificant, but their correlations with most other 
variables are highly significant (Table 7). 
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The depth distributions of OXFE and DITFE are quite 
similar (Figure 25). OXFE ranges from 0.46 in the A horizon 
to 0.68 percent in the BE horizon, and DITFE ranges from 1.11 
percent in the A horizon to 1.83 percent in the Btl horizon. 
Seymour series 
Seymour soils are highly-developed (stage IV) soils. 
They have either an A1 or Ap horizon that typically is very 
dark gray silt loam or silty clay loam. The B horizon has a 
subhorizon with a clay content of 50 to 55 percent. The solum 
typically is strongly to medium acid. The upper part of the 
C horizon is commonly silty clay loam. 
Seymour soils are on convex ridgetops and on sideslopes 
which surround the nearly level stable upland divides. Their 
slope gradients range from 2 to 9 percent. They formed in 
loess of Wisconsin age which contained low amounts of sand. 
Native vegetation consisted of tall prairie grasses, and 
they form a biosequence with Kniffin (transition) and Rathbun 
(forest) soils. They are somewhat poorly drained soils and 
are classified as fine, montmorillonitic, mesic Aquic Argiu-
dolls (Soil Survey Staff, 1981). 
Weighted average clay contents of the A and B horizons 
in the study profile, P780, are 28 and 39 percent, respec­
tively. Maximum clay is 53 percent in the Btgl horizon. The 
soil is strongly acid to the Btgl horizon and slightly acid 
at greater depths. The A horizon has 1.6 percent organic 
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carbon. The amount of organic carbon, however, decreases to 
nonsignificant amounts in the Btg3 horizon. FEOD decreases 
gradually with depth. 
Only small amounts of EXAL are in this soil and these 
are in the upper to midportion of the profile (Figure 26). 
The maximum EXAL, 0.36 meq/100 g, is in the BA horizon. The 
correlations between EXAL and all variables listed in Table 
8, excpet CLAY are highly significant. 
The minimum amount of EXTAL (0.28 meq/100 g) is in the 
Ap horizon and the maximum, 0.60 meq/100 g, is in the BA 
horizon. Highly significant correlations occur between 
EXTAL and OXAL, DITAL, and DITFE (Table 8). 
OXAL and DITAL have almost identical depth distribution 
patterns; however^ more DITAL than OXAL occurs in the upper 
part of the profile. Both DITAL and OXAL peak in the Btgl 
horizon. OXAL ranges from 0.14 to 0.41 percent. The range 
of DITAL in this soil is 0.13 to 0.47 percent. Highly sig­
nificant correlations occur between both OXAL and DITAL and 
all other variables in Table 8 except CLAY. 
The depth distributions of both OXFE and DITFE vary 
widely with depth (Figure 27) but only the values for the 
Btg5 horizon deviate from the trends set by values in the 
other horizons. The OXFE and DITFE have maxima of 0.93 
percent and 2.18 percent, respectively, and then both de­
crease to small amounts in the deeper horizons. Highly 
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Table 8. Correlation coefficients (r-values) at the 5% and 
1% levels of significance between variables, 
Seymour—Kniffin-Rathbun biosequence 
Between variables Seymour^ Kniffin^ Rathbun^ 
CLAY and EXAL .68 ,65 
EXTAL .68 .72 
OXAL .80 
DITAL .78 
OXFE — —  —  —  —  —  
DITFE —  —  .74 
PH -.72 
EXAL and EXTAL .97 .99 .95 
OXAL .85 .87 .96 
DITAL .92 .91 .93 
OXFE .75 
DITFE .89 
PH -.75 -.84 -.78 
EXTAL and OXAL .77 .92 .91 
DITAL .86 .93 .89 
OXFE .68 
DITFE .84 —  —  —  —  
PH — .68 -.90 -.80 
OXAL and DITAL .97 .98 .98 
OXFE .76 
DITFE .85 
PH -.89 -.98 -.81 
DITAL and OXFE .84 —  —  —  —  
DITFE .92 
PH -.90 -.98 -. 58 
OXFE and DITFE .93 —  —  — —  
PH -.86 — 
DITFE and PH -.82 .81 
^For n=ll, r-values above 0,59 and 0.73 are significant 
at the 5% and 1% levels, respectively. 
^For n=10, r-values above 0.62 and 0.76 are significant 
at the 5% and 1% levels, respectively. 
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significant correlations occur between both OXFE and DITFE 
and most other variables listed in Table 8. 
Kniffin series 
Kniffin soils are highly-developed (stage IV) soils. 
The typical Kniffin soil has a very dark gray or very dark 
grayish brown, silt loam or silty clay loam A or Ap horizon. 
The E horizon is dark grayish brown or grayish brown silt 
loam or silty clay loam. The Bt horizon is mottled dark 
grayish brown or gray brown silty clay with clay content 
ranging from 48 to 56 percent. 
Kniffin soils typically are mapped on convex ridge 
crests and side-valley slopes adjoining the nearly level, 
stable, upland divides. Their slope gradients are 2 to 9 
percent. They formed"'in loess of Wisconsin age. Their 
native vegetation was mixed prairie grasses and deciduous 
trees. They are the intergrade member of the biosequence 
that includes the prairie-derived Seymour soils and the 
forest-derived Rathbun soils. They are classified as fine, 
montmorillonitic,. mesic Udollic Ochraqualfs (Soil Survey 
Staff, 1980). 
The study profile, P9 03, has 34 percent clay in the A 
horizon; the Bt horizon averages 43 percent clay with the 
maximum, 50 percent, in the Btl horizon. The pedon is very 
strongly acid from the surface into the Bt2 horizon and is 
slightly acid below that horizon. The amount of organic 
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carbon decreases from 3.3 percent in the A horizon of this 
uncultivated soil to 0.9 percent in the Btl horizon. The 
depth distribution of FEOD is extremely erratic. 
In most horizons with both EXAL and EXTAL, more EXAL 
is present. EXAL is only in the top 57 cm of the profile 
(Figure 28). It ranges from 0.33 meg/100 g in the A horizon 
to 3.66 meg/100 g in the B1 horizon. Highly significant 
correlations occur between EXAL and EXTAL, OXAL, DITAL, and 
PH (Table 8). The range of EXTAL is 2.44 meg/100 g in the 
BE horizon to small amounts below the Bt2 horizons (Figure 28). 
Correlations between EXTAL and EXAL, OXAL, DITAL, and PH are 
highly significant (Table 8). 
The distributions of OXAL and DITAL with depth are 
closely associated and have a zone of accumulation in the BE 
and Btl horizons (Figure 28). More DITAL than OXAL occurs 
to a depth of 70 cm; amounts of both are similar below this 
depth. The ranges of DITAL and OXAL are 0.12 to 0.53 percent 
and 0.07 to 0.39 percent, respectively. The correlations 
between both OXAL and DITAL and all other variables listed 
in Table 8 except OXFE and DITFE are highly significant. 
The erratic distribution patterns of the Fe parameters 
in this somewhat poorly drained Kniffin soil are shown in 
Figure 29. An OXFE minimum of 0.44 percent is in the Btl 
horizon, while the maximum of 0.50 percent is in the BCg2 and 
BCg3 horizons. DITFE ranges from 1.17 percent in the Cg 
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horizon to 1.92 percent in the Btl horizon. The correlation 
between DITFE and CLAY is highly significant (Table 8). 
Rathbun series 
Rathbun series are highly-developed (stage IV) soils. 
The A or Ap horizon ranges in color from very dark gray to 
dark gray or dark grayish brown. These horizons are silt 
loam or silty clay loam. The E horizon is a distinctly 
brownish silt loam. The upper part of the Bt horizon typically 
is dark grayish brown. The solum is strongly or very strongly 
acid in the most acid part. 
Rathbun soils are on convex ridge crests and side-valley 
slopes adjoining soils on gently to moderately sloping, 
ribbed interfluves. Rathbun soils formed partly in oxidized 
and leached and p'artly in deoxidized and leached Wisconsin 
loess. Slope gradients range from 2 to about 9 percent. 
Native vegetation consisted of deciduous trees. Rathbun 
soils constitute the forest member of the Seymour (prairie)-
Kniffin (transition)-Rathbun biosequence. They are classified 
as fine, mcntir.orilloniticmesic Aerie Ochraqualfs (Soil 
Survey Staff, 1980). 
The study profile, P906, averages 21 percent clay in 
the A horizon, 24 percent in the E horizon, and 47 percent 
in the Bt horizon. The clay maximum of 52 percent is in 
the Btl horizon. The profile ranges from extremely acid to 
medium acid. Organic carbon content is quite high (3.2 
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percent) in the surface horizon of this uncultivated soil 
and decreases to 0.6 percent in the E2 horizon. FEOD de­
creases with depth in the profile. 
This soil contains large amounts of EXAL and EXTAL. 
EXAL ranges from 0.84 meq/100 g in the El horizon to 8.14 
meq/100 g in the Btl horizon, the horizon of clay maximum. 
It decreases very sharply, however, to 1.08 meq/100 g in the 
BCl horizon (Figure 3 0). The correlations between EXAL and 
EXTAL, OXAL, DITAL, and PH are highly significant. 
EXTAL also has a considerable range in this soil, with a 
minimum of 0.24 meq/100 g in the A horizon and a maximum of 
6.12 meq/100 g in the Btl horizon. Close association occurs 
between both EXAL and EXTAL and CLAY down to the horizon of 
clay maximum (Btl^ horizon); below this horizon, both decrease 
to barely measurable amounts (Figure 3 0). Only significant 
correlations occur between EXAL and CLAY (r=0.65*) and EXTAL 
and CLAY (r=0.72*). Highly significant correlations occur 
between EXTAL and EXAL, OXAL, DITAL, and PH (Table 8). 
Amounts of OXAL and DITAL are similar in all horizons. 
Their amounts increase from the surface to a maximum in the 
Btl horizon and then decrease with depth. OXAL and DITAL 
are highly correlated and both have highly significant cor­
relations with EXAL, EXTAL, and PH (Table 8). 
Large amounts of OXFE and DITFE are in this soil; their 
distribution patterns are similar except in the BC2 and BC3 
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horizons (Figure 31). The range of OXFE is from 0.53 percent 
in the BCl and BC2 horizons to 0.75 percent in the BE horizon. 
The minimum DITFE amount (1.16 percent) is in the A horizon 
and the maximum, 2.50 percent, is in the BC horizon. Large 
amounts of DITFE occur in the BC2 and BC3 horizons (Figure 
31). OXFE and DITFE are not highly correlated with any other 
variables, except that DITFE is highly correlated with PH 
(Table 8). 
Results by Biosequences 
The influence of native vegetation on a number of 
important morphological, chemical, and physical properties 
of soils has been investigated by several researchers. This 
section of the report is a presentation of the results and 
discussions of biotic"" influence on Fe and Al oxides extracted 
by acid ammonium oxalate (pH 3.5) and sodium citrate-
bicarbonate-dithionite solutions. 
Richardson (1974) investigated the effect of vegetation 
on the amounts and depth distributions of exchangeable Al 
(EXAL) on many of the loess-derived soils used in this 
study. Hence, this variable will not be discussed in this 
section. 
Secondly, the correlations between EXAL and EXTAL are 
highly significant in all soils containing EXAL (Tables 2-4, 
7, and 8); thus investigations of EXTAL will also explain 
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the behavior of EXAL. Because of the highly significant 
correlations between OXAL and DITAL (Tables 2-4, 7, and 8), 
only OXAL will be discussed. Other variables to be investi­
gated in this section are DITFE, FEOD, and ALOD, the ratio 
of ammonium oxalate-extractable AI2O2 to sodium citrate-
bicarbonate-dithionite-extractable AI2O2• 
Tama-Downs-Fayette biosequence 
Tama soils formed under tall grass prairie, Fayette 
soils under deciduous forests, and Downs soils under a mix­
ture of the two. Depth distributions of EXTAL for this 
biosequence are presented in Figure 32. 
The amounts of EXTAL do not exceed 1 meq/100 g in any 
of the three soils in this biosequence. These low amounts 
reflect the minimal development stage of these soils. The 
profile weighted means of EXTAL are in the decreasing order 
of Tama > Fayette > Downs. Highest amounts of EXTAL are 
in the lower Btl horizon of Tama, upper Bt2 horizon of Downs, 
and upper Bt3 horizon of Fayette (Table 9) . The highly 
significant correlations between EXTAL and CLAY in all three 
soils (Table 2) show a close association of EXTAL and CLAY 
in these soils. Also, the highest amounts of clay in these 
soils are at or close to the same depths where the EXTAL 
maxima occur. 
As with EXTAL, the prairie-derived soil (Tama) has the 
greatest amount of OXAL within the biosequence (Figure 33) . 
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Table 9. Summary of EXTAL, OXAL, and DITFE properties for the Tama-Downs-Fayette 
biosequence 
Soil Symbol 
Weighted 
mean of 
EXTAL" 
Horizon 
of max. 
EXTAL 
Weighted 
mean of 
OXALb 
Horizon 
of max. 
OXAL 
Weighted 
mean of 
DITFEC 
Horizon 
of max. 
DITFE 
Tama 52MB120 0.54 Btl 0.25 Btl 1.60 Bt2 
Downs 52MD162 0.44 Bt2 0.19 Btl 1.75 Bt2 
Fayette 52MB163 0.46 Bt3 0.17 Bt2 1.63 Bt2-Bt3 
^meq/100 g . 
AlgO]. 
Fe Og. 
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OXAL ranges from 0.17 to 0.36 percent in Tama. The weighted 
profile mean is 0.25 percent. It is followed by 0.19 percent 
in Downs and then 0.17 percent in Fayette (Table 9). All 
three soils have zones of slight OXAL accumulation; however, 
the OXAL profiles are weakly differentiated (Figure 33). No 
great amount of translocation of amorphous A1 has occurred 
in these soils, as would be expected, since these soils are 
minimally-developed. The zones of the slight OXAL accumula­
tion are in the Bt2 horizon of Fayette and in the Btl 
horizons of Tama and Downs (Table 9)-
Considerable amounts of DITFE are in these soils (Figure 
34). Downs, the transition soil, has the greatest amount 
of DITFE. Downs has a DITFE range of 1.27 to 2.01 percent 
and the weighted mean of 1.75 percent. Fayette and Tama 
profiles have weighted DITFE means of 1.60 and 1.63 percent, 
respectively (Table 9). The depth distributions of DITFE 
in these soils (Figure 34) increase to a maximum in the B 
horizons and then decrease very gradually down the profiles. 
This suggests the accumulation of Fe weathering products in 
the B horizon with little or no translocation. DITFE maxima 
are at depths of 55-85 cm (Bt2 and upper half of Bt3 horizons) 
in Fayette, 61-83 cm (Bt2 horizon) in Downs, and 91-102 cm 
(Bt2 horizon) in Tama. The correlations between DITFE and 
CLAY are highly significant in Downs (r=0.79**) and Fayette 
(r=0.92**), but only significant (r=0.58*) in Tama. 
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The depth distributions of the ratios of active Al and 
Fe (ALOD and FEOD) are presented in Figures 35 and 36, 
respectively. The distributions of active Al ratios de­
crease gradually with depth. Those of active Fe ratios, 
FEOD, in Fayette and Downs are almost constant with depth 
while the ratio shows a gradual decrease with depth in Tama. 
Garwin-Walford-Traer biosequence 
Garwin, Walford, and Traer are poorly drained, minimally-
developed (stage I) soils. Garwin formed under prairie 
grasses and Traer formed under deciduous trees. Walford 
formed under a mixture of prairie grasses and deciduous trees. 
As shown in Figure 37, the distributions of EXTAL with 
depth in the Garwin-Walford-Traer biosequence are greatly 
influenced by the'native vegetation of the soil. There are 
prominent zones of EXTAL accumulation in the Walford and 
Traer soils. In the Garwin soil, EXTAL profile is weakly 
differentiated and has a broad and rather indistinct zone 
of accumulation. The EXTAL distributions in these soils 
follow closely their CLAY distributions (Figures 8, 10, 12), 
and the correlations between these two variables are highly 
significant in all three soils (Table 3). Above 38 cm, the 
amount of EXTAL is greatest in the prairie-derived soil 
(Garwin) and least in Traer (forest). In their zones of 
EXTAL accumulation, the order of decreasing maxima is Traer > 
Walford > Garwin (Figure 3 7). Despite the almost constant 
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depth distribution of EXTAL in the Garwin profile, it contains 
the greatest amount of EXTAL, a weighted mean of 0.49 meq/100 
g (Table 10). The weighted EXTAL mean is 0.40 meq/100 g 
for each of the Walford and Traer soils. 
As with EXTAL, the depth distributions of OXAL in Traer 
and Walford are more strongly differentiated than in Garwin 
(Figure 38). The horizons of maximum OXAL are A2 (40-58 cm) 
for Garwin, the upper part of the Btg2 horizon (48-56 cm) for 
Walford, and the Btgl horizon (53-69 cm) for Traer (Table 10). 
The decreasing order of OXAL abundance (weighted means) is 
Garwin > Walford > Traer. 
The extremely erratic depth distributional patterns 
of the Fe parameter, DITFE, in these poorly drained soils 
(Figure 39) makes any interpretations or comparisons very 
difficult. The seasonal water table fluctuations associated 
with these soils is accompanied by changes in redox potentials. 
The mobility and variable oxidation states of Fe are affected 
by these redox potential changes causing Fe to be transported 
by the groundwater in the reduced ferrous state. Occasional 
flushes of oxygenated water cause the oxidation of ferrous 
compounds and decrease their solubility and they are 
deposited. Oxidation by microbes such as Ferrobacillus 
ferro-oxidans has also been reported (Blume and Schwertmann, 
1969). Poorly drained soils, therefore, are characterized 
by strong DITFE minima and maxima. As shown in Figure 39, 
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Table 10. Summary of EXTAL, OXAL, and DITFE properties for 
the Garwin-Walford-Traer biosequence 
Weighted Horizon Weighted Horizon Weighted 
mean of of max. mean of of max. mean of 
Soil Symbol EXTAL^ EXTAL OXAL^ OXAL DITFEC 
Garwin 52MB118 0.49 Bwl 0.35 A2 1.27 
Walford 52MB160 0.40 Btg2 0.19 Btg2 1.06 
Traer SCS164 0.40 Btgl 0.18 Btgl 1.39 
^meq/100 g. 
ALGOG. 
the depth distribution of DITFE is highly erratic in Garwin 
and Walford. The Traer pedon, however, has a smoother DITFE 
depth distribution pattern. In Traer, DITFE and CLAY are 
closely associated (r=0.85**), as shown in Figure 8. Traer 
has the greatest amount of DITFE (Table 10), a weighted mean 
of 1.39 percent, probably due to the smoother distribution 
of DITFE with depth. Relatively high amounts of DITFE are 
in the deeper mottled horizons of Garwin and Walford. 
The distribution of ALOD is virtually constant with 
depth in Garwin, and the ratio distributions for Walford 
and Traer are mirror images of each other (Figure 40). 
Walford has the highest ratios at all depths, followed by 
Garwin and then Traer. 
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The erratic depth distributions of DITFE in these poorly 
drained soils, shown in Figure 39, also make the active Fe 
ratios, FEOD in Figure 41, very difficult to interpret. 
These ratios, however, have decreasing trends with depth 
in this biosequence. 
Otley-Ladoga-Clinton biosequence 
The native vegetation for these soils were tall prairie 
grasses for Otley, deciduous trees for Clinton, and a mixture 
of grasses and trees for Ladoga. These soils are medially-
developed (stage II) and they are moderately well-drained. 
The depth distributions of EXTAL in these soils, shown 
in Figure 42, have prominent zones of EXTAL accumulation 
in their B horizons. Maximum amounts of EXTAL are in the 
upper part of the Bt2 horizon (67-74 cm) for Otley, upper 
part of the Bt2 horizon (56-66 cm) for Ladoga, and the 
upper part of the Bt3 horizon (74-89 cm) for Clinton (Table 
11). Ladoga has the greatest amount of EXTAL, weighted mean 
of 0.58 meq/100 g. Clinton has the next highest amount, 
0.46 meq/100 g, and Otley has the least amount, 0.43 meq/100 g 
(Table 11). EXTAL and CLAY are closely associated in this 
biosequence as reflected by the highly significant simple 
correlation coefficients of 0.88 for Otley, 0.94 for Ladoga, 
and 0.97 for Clinton. 
As shown in Figure 43, only slight differences in the 
amounts and depth distributions of OXAL occur among the soils 
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Table 11. Summary of EXTAL, OXAL, and DITFE properties for the Otley-Ladoga-Clinton 
biosequence 
Soil Symbol 
Weighted 
mean of 
EXTAL'i 
Horizon 
of max. 
EXTAL 
Weighted Horizon 
mean of of max. 
OXALb OXAL 
Weighted 
mean of 
DITFEC 
Horizon 
of max. 
DITFE 
Otley 52MB281 0.43 Bt2 0.19 Bt2 1.64 Bt3 
Ladoga 52MB76 0.58 Bt2 0.20 Bt3 1.58 Bt2 
Clinton 92MB80 0.46 Bt3 0.19 Bt2 1.74 Bt3 
^meq/100 g . 
Al.O]. 
Fe-Og. 
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Figure 43. Depth distributions of OXAL in Otley-Ladoga-
Clinton biosequence 
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of this biosequence. The depth distributions of OXAL are 
less smooth in Otley and Ladoga. Clinton, however, has a 
smooth and weakly differentiated OXAL profile. The weak 
zone of OXAL accumulation in Clinton is in the Bt2 horizon 
in which the maximum amount of OXAL of 0.28 percent occurs. 
The ranges of OXAL in these soils are 0.09 to 0.27 percent 
for Otley, 0.13 to 0.29 percent for Ladoga, and 0.11 to 0.28 
percent for Clinton. From Table 11, it is evident that 
native vegetation has no apparent influence on the amount 
of OXAL in the soils in this biosequence. 
The correlations between OXAL and CLAY are highly sig­
nificant in these three soils (Table 4), which shows the 
close association of these two soil properties. This rela­
tionship between CLAY and OXAL may be a consequence of 
pedogenic effect by which poorly crystalline oxides of Al, 
Fe, and Si form surface coatings on clay particles (Fieldes 
and Williamson,- 1955) = These noncrystalline or poorly 
crystalline materials can greatly affect the chemical and 
physical behavior of the crystalline materials whose surfaces 
they coat. 
The depth distributions of DITFE in the soils in this 
biosequence are similar (Figure 44). These smooth DITFE 
depth distributions increase from the surface of the soil 
to a maximum in the B horizon. From this horizon, DITFE 
decreases gradually down the profiles. This kind of depth 
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Figure 44. Depth distributions of DiTFE in Otley-Ladoga-
Clinton biosequence 
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distribution patterns suggests that the A horizon is impov­
erished of mobile Fe compounds with a consequent enrichment 
in the B horizon. The gradual decrease in DITFE below the 
B horizon suggests little or no translocation of Fe. In 
Ladoga, there is a slight decrease in DITFE from 1.29 per­
cent in the Ap horizon to 1.25 percent in the E horizon; 
DITFE increases sharply to 1.57 percent in the BE horizon 
(Figure 44). This type of distribution pattern results from 
processes that cause horizon differentiation in profiles 
(Simonsin, 1959) . In the E horizon, there is loss of Fe, 
clay, and Al with the resultant concentration of quartz or 
other resistant minerals. 
Clinton has the greatest amount (weighted mean) of 
DITFE (1.74 percent), Otley has the next highest (1.64 per­
cent) , and Ladoga has the least (Table 11). Highly sig­
nificant correlations occur between DITFE and CLAY in all 
three soils in the biosequence (Table 4). 
The depth distributions of ALOD and FEOD are presented 
in Figures 45 and 46, respectively. Their distributions 
with depth are variable from horizon to horizon; the average 
ratios, however, are nearly constant with depth. 
Grundy-Pershinq-Weller biosequence 
These soils form a biosequence with Grundy as the prairie 
member, Pershing as the transition, and Weller as the forest 
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member. These are somewhat poorly drained, well-developed 
(stage III) soils. 
The depth distributions of EXTAL in this biosequence 
are illustrated in Figure 47. Similar amounts of EXTAL are 
in Grundy and Pershing soils as in the soils of the Tama, 
Garwin, and Otley biosequences. The EXTAL distributions in 
both soils are shown on a different scale in Figures 20 and 
22. The Grundy soil has slightly higher amounts of EXTAL 
at all depths than the Pershing soil. The EXTAL weighted 
means are 0.39 and 0.37 meq/100 g for Grundy and Pershing, 
respectively (Table 12). 
The forest-derived Weller of this biosequence has 
large amounts of EXTAL that range from 0.03 meq/100 g in the 
A horizon to 4.26 meq/100 g in the BE horizon. The EXTAL 
profile for the Weller soil is strongly differentiated with 
a prominent maximum in the BE horizon (Figure 47). 
The zones of maximum am.ounts of EXTAL are 48-58 cm (BE 
horizon) in Weller, 48-61 cm (Bt2 horizon) in Grundy, and 
53-69 cm (Btl horizon) in Pershing (Table 12). The correla­
tions between EXTAL and CLAY are highly significant in 
Grundy, only significant in Pershing, and nonsignificant 
in Weller (Table 7). The-lack of significant correlation 
between EXTAL and CLAY in the Weller soil probably is due 
to the drastic decline in EXTAL immediately below the clay 
maximum. 
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Table 12. Summary of EXTAL, OXAL, and DITFE properties for the Grundy-Pershing-
Weller biosequence 
Soil Symbol 
Weighted Horizon 
mean of of max. 
EXTAL^' EXTAL 
Weighted Horizon 
mean of of max. 
OXALb OXAL 
Weighted Horizon 
mean of of max. 
DITFEC DITFE 
Grundy P916 
Pershing P911 
Weiler P909 
0.39 
0.37 
1 . 6 0  
Bt2 
Btl 
BE 
0.23 
0 . 2 0  
0.25 
Bt3 
Btl 
Btl 
1.35 Bt2 
1.31 E2 
1.29 Btl 
meq/100 g 
ALGOG. 
% Fe^O,. 
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Pershing has the least amount of OXAL at all depths in 
this biosequence (Figure 48). The weighted means of OXAL 
for these soils are 0.25, 0.23, and 0.20 percent for Weller, 
Grundy, and Pershing, respectively (Table 12). The horizons 
of maximum OXAL are the Bt3 horizon (61-76 cm) for Grundy, 
Btl horizon (53-69 cm) for Pershing, and Btl horizon (58-71 
cm) for Weller. The correlations between CLAY and OXAL are 
highly significant in Grundy, only significant in Pershing 
(Table 7), but nonsignificant in Weller. 
The distribution of DITFE with depth is generally vari­
able in somewhat poorly and poorly drained soils, and the 
soils in this biosequence are not exceptions. As shown in 
Figure 49, Grundy and Weller have smooth and increasing DITFE 
distributions to a depth of about 55 cm. Below this depth, 
the DITFE distributions become saw-toothed. The numerous 
DITFE maxima and minima in these soils are obtained as a 
result of mottling and other processes that segregate Fe in 
soils. Weller has a zone of prominent DITFE accumulation 
in the B horizon, which indicates both weathering and trans­
location of Fe products in this soil. DITFE and CLAY are 
closely associated in the Weller soil (r=0.84**). 
The distributions of ALOD with depth are nearly constant 
in this biosequence (Figure 50), and this property does not 
show the effect of biotic influences within this biosequence. 
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Due to the segregation of Fe in the mottled horizons found 
in these soils, the depth distributions of FEOD in the 
Grundy and Pershing soils are variable (Figure 51). The 
FEOD distributions, however, show little trend with depth 
in all three soils. 
Seymour-Kniffin-Rathbun biosequence 
These are the mostly highly-developed (stage IV) soils 
in this study. The native vegetations for these soils are 
prairie, prairie/forest transition, and forest for Seymour, 
Kniffin, and Rathbun, respectively. 
Small amounts of EXTAL occur in Seymour (Figure 52). 
The weighted EXTAL mean in this soil is 0.33 meq/100 g (Table 
13). The maximum EXTAL, 0.60 meq/100 g, is in the BA horizon 
(Figure 26 and Table 13), at a depth zone of 33-43 cm. 
Kniffin contains appreciable amounts of EXTAL down to a 
depth of 60 cm. Below this depth, only small amounts are 
present (Figure 52). The weighted mean of EXTAL is 0.66 
meq/100 g and the maximum EXTAL of 2.44 meq/100 g is at a 
shallow depth of 23-36 cm {BE horizon) . 
Rathbun has the greatest amount of EXTAL of all soils 
studied. It has a weighted EXTAL mean of 2.49 meq/100 g 
and a range of 0.24 to 6.12 meq/100 g. EXTAL peaks in the 
Btl horizon which is also the horizon of maximum clay (Figure 
3 0). The correlations between CLAY and EXTAL are significant 
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Table 13. Summary of EXTAL, OXAL, and DITFE properties for Seymour-Kniffin-Rathbun 
biosequence 
Soil Symbol 
Weighted 
mean of 
EXTAL^ 
Horizon 
of max. 
EXTAL 
Weighted 
mean of 
OXALb 
Horizon 
of max. 
OXAL 
Weighted 
mean of 
DITFE° 
Horizon 
of max. 
DITFE 
Seymour P780 0.33 BA 0.17 Btgl 0.81 BA 
Kniffin P903 0.66 BE 0.19 BE 1.50 Btl 
Rathbun P906 2.49 Btl 0.26 Btl 1.64 BC3 
^meq/100 g. 
AlgOg. 
FegOg . 
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in Kniffin (r=0.69*) and Rathbun (r=0.72*), but it is nonsig­
nificant in Seymour (Table 8). The nonsignificant correlation 
between CLAY and EXTAL in Seymour may be due to the weakly 
differentiated EXTAL profile. 
The depth distributions of OXAL in the biosequence 
are strongly differentiated (Figure 53). Kniffin has the 
greatest amounts of OXAL to a depth of 33 cm; between 33 
and 100 cm, the amounts are in the order of Rathbun > Seymour 
> Kniffin. Below 100 cm, differences in the amounts of 
OXAL within the biosequence are small. In terms of weighted 
means, Rathbun has the greatest amount of OXAL, 0.26 percent. 
Kniffin and Seymour have 0.19 and 0.17 percent OXAL, respec­
tively (Table 13) . The horizons of maximum OXAL are the Btl 
horizon (43-64 cm) in Rathbun, Btgl horizon (43-55 cm) in 
Seymour, and BE horizon (23-36 cm) in Kniffin. A highly 
significant correlation occurs between OXAL and CLAY (r=0.80**) 
only in Kniffin (Table 8)• 
Differences in the variable depth distributions of 
DITFE in this biosequence (Figure 54) are difficult to assess. 
There is a distinct zone of DITFE accumulation at about 40 
cm depth in the BA, Btl, and BE horizons of Seymour, Kniffin, 
and Rathbun, respectively. These peaks are followed by 
gradual decreases to depths of 70-90 cm, below which DITFE 
increases to secondary peaks in Seymour and Kniffin and to 
a high level in Rathbun. This drastic increase could be due 
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to the nature of the material below 102 cm (BC3 horizon) 
in the C horizon (not shown). This layer consists of pedi-
sediment which is relatively high in sand. Below this high 
sand layer is a heavy-textured paleosol. This paleosol 
causes water to be perched in the sandy layer during part 
of the year which alters the redox potential of the soil 
environment. Fe compounds are mobilized into the ferrous 
state and are moved down the profile and precipitated in the 
sandy horizons when the water table drops. 
The weighted DITFE means in this biosequence are in the 
decreasing order of Rathbun > Kniffin > Seymour (Table 13). 
The correlations between DITFE and CLAY are nonsignificant 
in all three soils. 
The depth distributions of ALOD of soils in this bio­
sequence are very similar (Figure 55). These distributions 
are fairly constant with depth. The FEOD distributions 
with depth in Seymour and Kniffin are variable from horizon 
to horizon (Figure 56). In Rathbun, however, FEOD has a 
smoother distribution that decreases gradually with depth. 
Results by Stages of Development 
There is a succession of soils with increasing clay 
content in the B horizon in Iowa loess soils (Hutton, 1948; 
Hunter, 1950; Worcester, 1973; Coleman, 1980). This increase 
in textural development has been related to the thinning 
174 
ALOD 
T 
Seymour 100 
Kniffln "4^ 
Figure 55. Depth distributions of ALOD in Seyinour-Kniffin-
Rathbun biosequence 
175 
F E O D  
• Seymour 
A KnIffin 
Figure 56. Depth distribution of FEOD in Seymour-Kniffin-
Rathbun biosequence 
176 
of the loess as the distance from the source increases and 
also to the depth to water table as well as depth to paleosol. 
The soil development has been attributed to the fact that 
formation and translocation of clay increased as a function 
of time, which was related to the thickness of the loess. 
Associated with loess thinning are lower base saturation and 
greater depth to carbonates due to increased leaching and 
weathering. This increasing textural development with 
increased distance from the loess source has been more or 
less formalized by the establishment of sequences of soil 
series that reflect the increases in clay contents in the B 
horizons. Twelve of these soil series are used in a study 
model to investigate the variation of some soil parameters. 
This portion of the discussion will focus on the vari­
ation of amorphous oxides of iron and aluminum in soils 
formed under the same biotic factor, but at different stages 
of profile development. The investigation of the profile 
distributions of the citrate-bicarbonate-dithionite oxides 
of iron and aluminum (DITFE and DITAL) did not reveal any 
definite relationships with stage of profile development. 
These parameters will therefore not be discussed. 
Three of the 15 soils used in the original study will 
not be included in investigating these development sequences. 
These are the poorly drained Garwin, Walford, and Traer 
series. These soils were designated as minimally-developed; 
177 
however, Traer shows properties of medial development and 
Walford is borderline between minimal and medial development. 
The remaining 12 soil profiles were used to investigate 
the variation in the profile distributions of OXAL and OXFE 
under a specific vegetation zone but at varying stages of 
profile development. 
Ammonium oxalate-extractable ^ 2—3 (OXAL) 
The profile distributions of OXAL in the prairie-derived 
soils are shown in Figure 57. The Otley soil has the least 
amount of OXAL to a depth of 95 cm. In the Tama and Grundy 
soils, OXAL values are in a narrow range. The amounts of 
OXAL in these soils increase to a maximum in the Btl and Bt3 
horizons, respectively, have a broad zone of accumulation, 
and then decrease steadily with depth. The maximally-developed 
profile in this sequence (Seymour series) contains greater 
amounts of OXAL in the upper 50 cm and then decreases sharply 
down the profile. Below 95 cm, the Seymour profile contains 
the least amounts of OXAL. 
The weighted means of OXAL in the solum of individual 
profiles are given in Table 14. The minimally-developed 
soil (Tama series) contains the greatest amount of OXAL 
(0.30 percent) and Seymour soil, the most highly-developed 
profile, has the least (0.18 percent). There seems to be 
a decreasing trend in the amounts of OXAL with increasing 
development in these prairie-derived soils. 
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Figure 57. Depth distributions of OXAL in prairie-derived 
soils at various stages of development 
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Table 14. Weighted means of OXAL and OXFE in the solum of 
soils 
Stage of Weighted Weighted 
profile mean of mean of 
Soil Vegetation development OXAL OXFE 
Tama Prairie I 0.30 0.51 
Otley Prairie II 0.21 0.53 
Grundy Prairie III 0.27 0.47 
Seymour Prairie IV 0.18 0.34 
Downs Transition I 0.20 0.45 
Ladoga Transition II 0.22 0.56 
Pershing Transition III 0.20 0.53 
Kniffin Transition IV 0.21 0.54 
Fayette Forest I 0.17 0.46 
Clinton Forest II 0.21 0.51 
Waller Forest III 0.24 0.54 
Rathbun Forest IV 0.26 0.61 
The depth distributions of OXAL in the prairie-forest 
transition soils of Downs, Ladoga, and Pershing fall within a 
narrow range (Figure 58). The distributions of OXAL in these 
soils show slight but broad zones of accumulation in the 
upper B horizons below which OXAL decreases steadily down 
the profile. The Kniffin soil, the most developed soil in 
the sequence, has the greatest amount of OXAL in the upper 
55 cm, below which it declines sharply. Below about 60 cm, 
the Kniffin soil has the least amount of OXAL of the four 
soils. 
Examination of the weighted OXAL means in these soils 
{Table 14), however, shows that differences in profile 
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development has no apparent effect on the total amount of 
OXAL in these prairie/forest transition soils. 
The depth distributions of OXAL in the forest-derived 
soils are shown in Figure 59. OXAL profiles are weakly 
differentiated in the Fayette and Clinton soils and strongly 
differentiated in Weller and Rathbun soils. In the upper 
60 cm, the abundance of OXAL is in the order of Rathbun > 
Weller > Clinton > Fayette. Below this depth, the amounts 
of OXAL are within a narrow range in these soils and decrease 
steadily with depth. Like the prairie and transition soils, 
the most developed soil of this sequence (Rathbun soil) has 
the greatest amount of OXAL in the upper 60 cm below which 
'OXAL declines. It has the least amount deeper in the profile. 
The weighted OXAL means in these soils (Table 14) 
increase with development from 0.17 percent in the Fayette 
soil to 0.26 percent in the Rathbun profile. 
Ammonium oxalate-extractable Fe202 (OXFE) 
Figures 60, 61, and 62 show the depth distributions of 
OXFE in the prairie, transition, and forest-derived soils, 
respectively, at various stages of development. Two dis­
tinct observations can be made from these figures. First, 
the distributions of OXFE in these soils do not show much 
differentiation with depth, irrespective of the stage of 
profile development. The average depth distribution of OXFE 
182 
OXAL (%Al203) 
0.4 
T 
inn 
o— Fayatt* ! 
W  e i l s r  i l l  
120 
Rathbun tv 
140 
• 
Figure 59. Depth distributions of OXAL in forest-derived 
soils at different stages of development 
183 
OXFE (%Fe^O.) 
Ob O— — — O Tama I 
Ottoy II 
120 •A Grundy III 
B Seymour iV 
160 
Figure 60. Depth distributions of OXFE in prairie-derived 
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is almost constant; i.e., OXFE levels change very little 
with depth. Second, under all vegetation zones, the depth 
distributions become more erratic with increased development. 
A possible cause for these trends could be the possible 
confounding between the natural drainage and stage of develop­
ment of these soils. As shown in Table 1, the minimally-
developed soils of Tama, Downs, and Fayette are well-drained. 
The Otley, Ladoga, and Clinton soils (medially-developed 
profiles) are moderately well-drained, while the Grundy, 
Pershing, and Weller (stage III) and the Seymour, Kniffin, 
and Rathbun soils (stage IV) are somewhat poorly drained. 
Therefore, for the soils used in this model, drainage gets 
poorer with increasing development- This is probably re­
lated to the more moist environment associated with a shal­
lower depth to paleosol or till. 
The variable oxidation state of iron makes it more 
responsive to changes in the redox potential, which is 
related to the fluctuations in depth of the water table. 
During parts of the year when the water table is high, iron 
is mobilized because it becomes converted into the ferrous 
form under the reducing conditions that result. Iron is 
then carried in the water. Precipitation of iron oxides 
can result by occasional flushes of oxygenated water, which 
oxidize ferrous compounds and decrease their solubility. 
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Precipitation can also result when the water table drops to 
lower depths and oxidizing conditions prevail. 
In the Tama, Downs, and Fayette soils, the water table 
seldom gets as high as the B horizon to affect the redox 
potentials in the system. Movement and redistribution of 
iron is therefore not obtained in these profiles which is 
reflected by the smooth distributional patterns of OXFE. 
With increased development, however, the depth to the 
Yarmouth-Sangamon paleosol decreases due to the decrease 
in loess thickness (Worcester, 1973; Coleman, 1980). The 
water table consequently gets higher and its fluctuations 
during different seasons affect the mobility and redeposi-
tion of iron, resulting in the erratic distribution of OXFE 
in these highly developed soils. 
The weighted means of OXFE in the sola of these soils 
(Table 14) show trends similar to the weighted means of OXAL 
in these soils. The amounts of OXFE decrease with increas­
ing development under prairie vegetation, but increase with 
increasing profile development under forest vegetation. 
Degree of development seems to have little effect on the 
amount of OXFE in transition soils. These relationships 
were obtained despite the increased erratic depth distri­
bution of OXFE associated with increased soil development. 
This implies that there is only a redistribution of amorphous 
oxides of iron in the soil under the moderately well- and 
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somewhat poorly drained conditions but not a complete removal 
from the solum. Similar factors and mechanisms could there­
fore be operating in controlling the absolute amounts of OXAL 
and OXFE in the solum while different factors influence their 
depth distributions in these soils. 
The structural and energy relationships of iron and 
aluminum oxides, hydroxides, and silicates in the soil system 
as proposed by Tamura and Jackson (1953) is as follows: 
ionic elements amorphous material colloids ->• crystalline 
minerals. To explain the variation in the amounts of OXAL 
and OXFE occurring in soils formed under the same vegetation 
but at different stages of development, factors affecting 
various processes in the structural and energy relationships 
must be considered. Among the many factors operating in the 
soil system, acidity and organic matter have been found to 
be very important. Associated with increased development is 
increased leaching,- lower base status, and low pHs. Low 
pKs result in increased weathering of silicates with a 
consequent increased rate of Fe and Al liberation. These 
ions are converted to amorphous mineral colloids and eventu­
ally to crystalline oxides and hydroxides of iron and 
aluminum- However, it has been documented that low pHs 
slow down the aging of noncrystalline or amorphous oxides 
and hydroxides into the crystalline state. 
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Considering the development sequence involving the 
forest-derived soils, the degree of acidity increases from 
Fayette to Rathbun. The inhibitory effect of high acidity 
on the aging of noncrystalline to crystalline minerals seems 
to cause an increase in the amounts of OXAL and OXFE in the 
highly developed soils, as shown in Table 14. 
Although lower pH values occur in highly developed 
prairie soils, the effect of pK in controlling or affecting 
the amounts of OXAL and OXFE seems to be dominated by another 
factor which is speculated to be organic matter. It is 
documented that organic matter also interferes with the 
transformation of amorphous materials to crystalline 
minerals {Schwertmann and Fischer, 1966). Organic matter 
has been found to increase with development up to a point 
and then to decrease. Up to the point in the development 
sequence where the amount of organic matter increases, there 
is bound to be an associated increase in the amounts of 
OXAL and OXFE. Beyond this point where organic matter 
decreases, the amount of these amorphous oxides would then 
be expected to decrease with increasing soil development. 
To positively reach this conclusion, fractionation of the 
organic components could be helpful. 
Transitional soils presumably are caused by a change in 
the biotic factor of soil formation. Originally, these 
soils were thought to have formed under prairie vegetation 
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and later were encroached upon by deciduous trees as a result 
of changing climatic conditions. White and Riecken (1955) 
observed that field morphology would place the transition 
soils as intermediate between forest and prairie. Their 
laboratory data, however, indicated that transitional soils 
are genetically closer to forest than to prairie soils. In 
this laboratory study, transition soils seem to be inter­
mediate between forest and prairie. No significant differ­
ences could be found in the weighted means of OXAL and OXFE 
in the Downs, Ladoga, Pershing, and Kniffin soils (Table 14). 
This observation seems to reflect the effect of two opposing 
factors operating in the forest and prairie soils that 
influence the amounts of amorphous oxides in these soils. 
The effect of increased acidity causing an increase in the 
amounts of OXAL and OXFE with increased development in the 
forest-derived soils seems to be neutralized by the factor 
or factors under the prairie vegetation that cause a decrease 
in OXAL and OXFE with increased development. These conclu­
sions are mainly speculative and have to be further verified 
by studying more soils and also by studying the various 
organic fractions in these soils. 
Multiple Regression Analyses 
Methods of analysis and model selection 
In his discussion of the role of data models and theories 
in the study of natural soil systems, Dijkerman (1974) 
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described mathematical models as forms of conceptual models. 
Through the application of mathematical models, the behavior 
and structure of a system can be quantitatively expressed in 
mathematical equations. 
Several investigators, including Henao (1976) and Manu 
(1979), have developed mathematical multiple regression 
models by which the combined influences of soil factors, 
weather, and management practices on corn yield were examined. 
Salih (1979) and Ghaffarzadeh (1979) used mathematical models 
to study how soil test P and soil test K, respectively, in 
fixed layers in the subsoil were affected by other soil 
factors and weather. In all of these models, the linear 
or quadratic functions of the variables plus the linear by 
linear interactions were tested in the model selection 
process. 
To describe the sigmoid soil test P distribution with 
depth in the soil profile, Salih (1980) and Kazemi (1983) 
used the cubic function of DEPTH (depth to the midpoint of 
the sampled horizon) plus the linear*linear (DEPTH*X^), 
^uadratic*linear (DEPTH^*Xj_) , and cubic*linear (DEPTH^*X^) 
interactions between depth and the other variables. 
Melendez (1984) described the soil test K distributions 
with depth with a quadratic function of DEPTH plus the 
DEPTH*Xj_ and DEPTH^*Xj_ interactions. 
With the use of quadratic or cubic functions and higher-
order interactions, different curvatures of distributions of 
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a soil variable with depth, genetic horizon, or another 
soil variable in different soil profiles can be accounted 
for. A linear*linear interaction influences the initial 
slope of the function and the level of the associated 
with the minimum or maximum of the dependent variable but 
has no effect on the rate of curvature which is dependent on 
the squared or quadratic term. The interpretation and illus­
tration of the effects of the higher-order interactions on 
the dependent variable (soil test P) are given in detail by 
Salih (1980) . 
The soil is an ecosystem in which there are constant 
influxes and outfluxes of energy and matter. The formation 
and behavior of individual soil properties are, therefore, 
influenced by several other soil properties and also several 
other processes. In this section of the report, the effects 
of soil and profile properties on the amounts and distri­
butions of acid ammonium oxalate-extractable Al^O- (OXAL) 
and KCl-extractable Al (EXAL) were investigated. Complex 
interrelationships (interactions) between and among factors 
influence the levels of these laboratory-derived properties. 
These factors act simultaneously and, therefore, it was 
necessary to also employ a tool to study simultaneously 
the effects of these factors on OXAL and EXAL-
Mathematical models were employed in which multiple 
regression analysis was used to provide estimates of the 
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effects of several input factors on the dependent variables. 
The model used in this study was: 
Yi = + B .Xj . + B^Xj. + . . . + BpXp. 4. 6. , 
where is the dependent variable, X^, Xg' * * * the 
independent variables, 6^^ is the error term associated with 
the model because the postulated independent variables do 
not completely explain the dependent variable, Y^^, and the 
parameters of B^, ... B^ are the population regression 
coefficients. 
In regression analyses, some basic assumptions include: 
(1) the Xp are fixed variables, (2) for a fixed set of Xs, 
say (Xp), the Ys associated with this set are NID (normally 
and independently distributed) with mean E(Y*)=y+2BpXp and 
variance (this assumption is required for setting confi­
dence limits or tests of significance), and (3) for any 
set of Xs the variance of Y shall be the same. 
For a variable to be included in the final models, 
certain criteria were used. First, the correlation matrix 
was examined. If the correlation coefficient between two 
independent variables was above ±0.6, one of these variables 
was deleted. To select the better predictor, each variable 
was tested in an alternate model. The variable of the pair 
which gave the higher R -value was retained and the other 
was deleted. 
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The latent roots and vectors of the correlation matrix 
was also examined to determine the number of intercorrela-
tions present in the data and the form or nature of such 
intercorrelations. A latent root less than 0.3 indicated 
a problem of intercorrelation (Gunst et al., 1976). 
Next, after the t-test for significance was applied 
to each of the partial regression coefficients, the variates 
whose probability was less than a=0.10 in the initial stages 
and a=0.01 in the final stage of the model selection were 
retained. The exceptions were: (1) the linear term of a 
variable was retained, regardless of its significance if 
its quadratic or any linear*linear interaction term was 
significant at the 1 percent level; (2) the squared term 
was retained regardless of its significance if its quadratic* 
linear interaction was significant; and (3) the lower-order 
(linear*linear) interaction was retained regardless of its 
significance if its higher-order (quadratic*linear) inter­
action was significant. 
2 For the third criterion, the R , coefficient of 
multiple determination, was calculated for all models to 
determine that fraction of the variance in the dependent 
variable that was explained by the independent variates used 
in the model. 
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Correlation analysis 
As a preliminary approach to selecting variables to be 
included in the multiple regressions, the correlation matrix 
was first examined to determine which variables or groups 
of variables were highly correlated. The symbols, means, 
and ranges for the variables included in the correlation 
and multiple regression analyses are presented in Table 15. 
The simple correlation coefficients were used as a guide to 
select individual variables and combinations of variables to 
be used in the subsequent multiple regression analyses. 
The two dependent variables used in this study, OXAL 
and EXAL, represented different indices of aluminum in the 
soil profile. These can be further referred to as laboratory 
variables. OXAL represented the percent of noncrystalline 
AlgOg that coats the surfaces of clay or other soil particles 
and it is extracted by acid ammonium oxalate. EXAL, the 
XCl-extractable Al, represents the milliequivalents per 100 g 
of Al that is adsorbed on the exchange sites of soil or 
clay particles. Other laboratory variables in this study 
included; DITFE, usually referred to as free iron, the 
percent Fe^Og extracted by citrate-bicarbonate-dithionite 
treatment; EXTAL (ammonium acetate-extractable Al); DITAL 
(citrate-bicarbonate-dithionite extractable AI2O2), and 
OXFE (ammonium oxalate-extractable . 
The correlations greater than ±0.30 between the labora­
tory variables are summarized in Table 16. With the exception 
Table 15. Symbols, means, and ranges for the variables included in the multiple 
regressions of OXAL and EXAL on selected variables 
Symbol Variable Mean Range 
DEPTH Depth to midpoint of horizon (m) 0 .93 0.05-2.08 
PH pH of the horizon 5 .67 4.1-7.9 
HION^ Coded hydrogen ion concentration of horizon 6 .65 0.01-79.4 
CLAY % Clay 31 .15 15.6-53.4 
FISILT % Fine silt 36 .10 17.1-49.6 
COSILT % Coarse silt 30 .53 17.3-52.9 
SAND % Sand 2 .18 0.6-30.2 
EXAL^ Exchangeable Al (meq/100 g) 0 .71 0-8.5 
EXTAL Extractable Al (meq/100 g) 0 .68 0-6.1 
OXAL^ Oxalate-extractable AlgO^ (%) 0 .21 0.06-0.46 
DITAL Dithionite-extractable AlgOg (%) 0 .25 0.07-0.53 
OXFE Oxalate-extractable FegO^ (%) 0 .46 0.05-0.93 
DITFE Dithionite-extractable FegO^ (%) 1 .47 0.41-2.51 
OC Organic carbon, % 0 .57 0-3.8 
DEVPT^ Stage of profile development 2 .10 1-4 
BIO^ Biosequence 2 .90 1-5 
GENHOR^ Genetic horizon 73 .70 10-120 
DRAIN^ Natural internal drainage class 47, ,30 30-70 
^Interpretation of coding is given in Appendix D. 
^EXAL and OXAL are the dependent (Y) variables in MODELS A and B and MODELS 
C and D, respectively. 
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Table 16- Simple correlation coefficients (r-values) greater 
than ±0.30 between laboratory variables^ 
r-values between variables 
Variable EXTAL OXAL DITAL OXFE 
EXAL .92 .54 .47 .38 
EXTAL .60 .51 .36 
OXAL .89 .51 
DITAL — .49 
^DITFE was not correlated greater than ±0.30 with any 
laboratory variable. 
of DITFE, the laboratory data were highly to very highly 
intercorrelated. Due to the high intercorrelations, it 
was not expedient to use all of these variables as dependent 
or independent variables. Because of the very high correla­
tion between EXAL and EXTAL (r=0.92), the variables which 
had significant effects on EXAL would have very similar 
effects on EXTAL. Those which had significant effects on 
OXAL would also have very similar effects on DITAL and similar 
effects, but to a lesser degree, on OXFE. 
In addition, the main objective of this study was to 
predict OXAL and EXAL from the basic soil information without 
including any elaborate laboratory variables. For these 
reasons, the EXTAL, DITAL, OXFE, and DITFE variables were 
not used as either dependent or independent variables in 
the subsequent regression analyses. 
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The correlations between the dependent and independent 
variables are shown in Table 17. These show the degree of 
linear association between the dependent and independent 
variables. These simple correlations show best the rela­
tionships between the dependent variables and the dominant 
variables affecting them. It must be emphasized, however, 
that a variable can have a significant effect in the subse­
quent multiple regression, although its simple correlation 
with the dependent variable is not significant. 
Variables which had high correlations with OXAL included 
DEPTH (depth to midpoint of horizon), PH (soil reaction), 
HION (coded hydrogen ion concentration), CLAY (percent clay), 
COSILT (percent coarse silt), and GENHOR (coded genetic 
horizon). EXAL was correlated highly with PH, HION, CLAY, 
COSILT, and BIO (biosequence). 
It is also very important to study the correlations 
between the independent variables before proceeding with 
the model building. Henao (1976) found that a correlation 
of ±0.5 to ±0-6 between two variables frequently caused some 
distortion of their partial regression coefficients in the 
regression equation. If the correlation coefficient was 
greater than ±0.6, the partial regression coefficients were 
usually distorted. Some of these high intercorrelations, as 
shown by the r-values in Table 18, therefore, can complicate 
the variable selection in the model. These included DEPTH 
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Table 17. Simple correlations (r-values) greater than ±0.30 
between the dependent variables, OXAL and EXAL, 
and the listed variables 
r-
Between variables value Between variables 
r-
value 
OXAL and DEPTH -.54 
PH -.64 
HION .59 
CLAY .70 
COSILT -.51 
GENHOR -.42 
EXAL and PH -.56 
HION .90 
CLAY .46 
COSILT -.42 
BIO .36 
For n=194, r-value of 0.14 is significant at the 0.01 
level-
Table 18. Simple correlation coefficients (r-values) >±0.30 
between variables 
Between variables 
r- r-
Value Between variables Value 
DEPTH and PH .30 
FISILT -.31 
COSILT .44 
OC -.70 
GENHOR .93 
PH and HION • -.66 
CLAY -.50 
COSILT .36 
HION and DEVPT .32 
BIO .35 
CLAY and FISILT -.47 
COSILT -.56 
SAND -.30 
FISILT and COSILT -.37 
GENHOR -.34 
HION and CLAY .49 
COSILT -.42 
OC and GENHOR - . 8 2  
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and OC (r=0.71), DEPTH and GENHOR {r=0.93), GENHOR and OC 
(r=-0.82), PH and HION (r=-0.66), PH and CLAY (r=-0..50) , 
and CLAY and COSILT {r=-0.56). If the correlation between 
two variables was very high (r>±0.60), one variable was 
retained in the model for further testing and the other was 
deleted. They were tested in alternate models (one included 
and the other deleted); the variable whose regression gave 
2 the higher R value was the one retained. Their pédologie 
significances also were considered in the variable selection 
process. If the correlations were between ±0.40 and ±0.60, 
both variables were frequently retained and tested in sub­
sequent models. 
Latent roots and corresponding vectors 
The study of simple linear correlations is helpful in 
studying relationships between pairs of variables. However, 
it does not give any assessment of intercorrelations among 
variables in related groups; neither does it give any quanti­
tative measure of intercorrelations among variables. The 
study of intercorrelations is very essential in the study 
of soils because most soil properties developed jointly 
during soil genesis and some properties resulted as a conse­
quence of others. 
To study these multivariable intercorrelations, the 
latent roots and corresponding latent vectors of the correla­
tion matrix were computed. The severity of intercorrelation 
201 
is indicated by how close the latent root of the correlation 
matrix is to zero. In this study, a latent root smaller 
than 0.3 was assumed to indicate an increasing severity of 
the intercorrelation. The choice of 0.3 was based on a study 
of intercorrelations by Gunst et al. (1976). 
Only four of the 11 latent roots in the correlation 
matrix were smaller or equal to 0.3; these with their cor­
responding latent vectors are presented in Table 19. The 
smallest latent root was 0.033 and the very severely inter-
correlated variables identified by the first latent vectors, 
V^, were dominated by DEPTH and GENHOR which relate to the 
vertical, spatial distribution in the profile. The algebraic 
expression of intercorrelation 1 in terms of standardized 
variables is -0.64*DEPTH + 0.15*OC + 0.74*GENHOR s 0. 
• The form of intercorrelation 2 can be expressed by the 
algebraic expression -0-61*CLAY - 0.53*FISILT - 0.57*COSILT 
s 0. The very severe intercorrelation was dominated by the 
soil texture related variables of CLAY, FISILT, and COSILT. 
Unlike the other intercorrelations, the severity was not 
indicated by the simple correlations in Table 18 because 
it involved three variables. 
The dominant variables in intercorrelation 3 were, in 
decreasing order, OC, DEPTH, and GENHOR. The algebraic 
expression for this severe intercorrelation which is identi­
fied by the latent vectors, V^, in Table 19 is -0.48*DEPTH -
0.25*PH -f G.19*HI0N + 0.21*COSILT - Q.71*0C - 0.29*GENHOR s Q. 
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Table 19. Smallest latent roots and corresponding latent 
vectors of the correlation matrix of variables 
Latent vectors 
following 
for each of 
latent roots 
the 
a 
Vt for V2 for V3 for V4 for 
Variable Xi=0.033 i\.2=0 .060 ^3=0.202 ^4=0.30 
DEPTH — .64 — .48 
PH .26 —. 68 
HION .19 — .60 
CLAY -.61 
FISILT -.53 
COSILT -.57 .21 
OC .15 -.71 .29 
GENHOR .74 -.29 
DRAIN .21 
^Only the vector elements >±0.15 are listed. 
Moderate intercdrrelation 4, the final one, has an 
algebraic expression of -0.58*PH - 0.60*HION + G.29*OC + 
0.21*DRAIN s 0. The dominant variables in this group were 
PH and HION, the two variables that express soil reaction. 
From the two methods of studying the intercorrelations 
between or among independent variables, it is apparent that 
the three depth-related variables of DEPTH, GENHOR, and OC 
were very highly intercorrelated. The simple correlation 
coefficients were 0.93 between DEPTH and GENHOR, —0.71 be­
tween DEPTH and OC, and -0.82 between GENHOR and OC. These 
three variables should not be included in the same regression 
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equation because this would cause severe distortion of their 
partial regression coefficients. 
To select one of these three variables, alternate models 
were run (for each of the dependent variables) in which 
DEPTH, OC, and GENHOR were included in the models one at a 
2 time. Based on the R , the OC variable was deleted, but no 
significant difference was found between DEPTH and GENHOR. 
However, using pédologie reasoning, GENHOR was chosen to 
represent the depth-related variables for characterizing 
the OXAL and EXAL distributions in the soil profiles. In 
choosing GENHOR, it was reasoned that genetic horizons have 
been produced as a result of soil forming processes. These 
horizons are designated based on identical criteria. It 
seems more appropriate, therefore, to compare profile proper­
ties (especially their distributions) on the basis of genetic 
horizon since the same genetic horizon (and similar charac­
teristics) can occur at different depths in different 
profiles. 
The soil texture-related variables of CLAY, FISILT, 
COSILT, and SAND also presented a severe intercorrelation 
problem. Although SAND was deleted from further regression 
analyses, the constancy and uniformity of its distribution 
throughout the profile in these loess-derived soils could 
lead to a near-singularity of the matrix involving the 
three remaining textural variables. The very severe 
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intercorrelations between them was shown by intercorrelation 
2, Table 19. 
As a further test of the potential problem, CLAY was 
regressed on the linear terms of FISILT and COSILT. The 
equation, CLAY = 94 - 0.956*FISILT - 0.928*COSILT, had an 
of 0.845. This indicated that the value of CLAY can be 
reasonably predicted from the values for FISILT and COSILT. 
This substantiates the near-singularity and severe inter­
correlation problem within the matrix if all three textural 
variables are retained in the same regression equation. 
To avert this problem, alternate models were run for 
each model series to select the best pair of the texture 
variables. They were tested alone and also in pairs by 
deleting them one at a time. The criteria for selecting 
2 
a pair were the R -values and also the pédologie signifi­
cances of these variables in this study. 
Multiple regressions of OXAL 
Use of PH, the negative logarithm of the hydrogen ion 
concentration, in prediction models has been a topic of 
considerable debate. One school of thought is that, since 
pH is a logarithmic function, its inclusion in a model in 
which all other variables are linear, does not bring out 
the real soil reaction effect. The hydrogen ion concentra­
tion is therefore deemed more appropriate. Because it is 
a common practice to transform or code data where the range 
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is large and corresponding errors may be heterogenous, the 
other school of thought prefers to use transformed or coded 
variables if they give better relationships between dependent 
and independent variables. Statisticians have studied the 
use of transformations in detail. 
Hence, as a part of this investigation, PH (pH variable) 
and HION (a coded linear function of the hydrogen ion concen­
tration) were tested in two series of alternative models. 
For each dependent variable, one model series was computed 
with PH terms (PH, PH^, PH*X^ interactions, and PH^*X^ 
interactions) and the other was computed with HION terms 
(HION, HION^, HION*X^ interactions, and HION^*X^ 
interactions)-
Model selection was then done by stepwise, backward 
elimination to obtain final models in which variates were 
retained using the criteria discussed earlier in the report. 
MODEL A series with PH Due to the small number 
of variables, it was possible to regress OXAL on linear, 
quadratic, and all possible interaction terms in a single 
complete prediction model using Helarctos II (Kennedy, 1971) 
with its 100-variable capacity. For the MODEL A series, 
the 58 variates included those listed in Table 20 except 
the linear, quadratic, and interaction functions of HION. 
The variates included eight linear and eight quadratic 
2 terms and 28 linear*linear, seven PH *X^, and seven 
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Table 20. Variâtes included in the multiple regressions of 
OXAL on selected variables, MODELS A and B series 
Variate 
^i Variate Variate 
1 PH 28 HION*CLAY 55 FISILT*COSILT 
2 HION 29 *FISILT 56 *DEVPT 
3 CLAY 30 *COSILT 57 *BIO 
4 FISILT 31 *DEVPT 58 *GENHOR 
5 COSILT 32 *BIO 59 *DRAIN 
33 *GENHOR 
6 OXAL 34 *DRAIN 60 COSILT*DEVPT 
8 DEVPT 61 *BIO 
9 BIO 35 PH *CLAY 63 *GENHOR 
10 GENHOR 36 *FISILT 64 , *DRAIN 
11 DRAIN 37 *COSILT 
38 *DEVPT 65 DEVPT*BIO 
12 PH2 39 *BIO 66 *GENHOR 
13 HION^ 40 *GENHOR 67 *DRAIN 
14 CLAY 2 41 *DRAIN 
15 FISILT? 68 BIO*GENHOR 
16 COSILT? 42 HION?*CLAY 69 *DRAIN 
43 *FISILT 
17 DEVPT? 44 *COSILT 70 GENHOR*DRAIN 
18 BIO? 45 *DEVPT 
19 GENHOR^ 46 *BIO 71 GENHOR^*PH 
20 DRAIN? 47 *GENHOR 72 *HION 
48 *DRAIN 73 *CLAY 
21 PH*CLAY 74 *FISILT 
22 *FISILT 49 CLAY*FISILT 75 *COSILT 
23 *COSILT 50 *COSILT 
24 *DEVPT 51 *DEVPT 76 "DEVPT 
25 *BIO 52 *BIO 77 *BIO 
26 *GENHOR 53 *GENHOR 78 *GENHOR 
27 *DRAIN 54 *DRAIN 79 *DRAIN 
^X7 is the EXAL variable and X62 is the dummy variable 
(51st transformation) in the Helarctos program. 
^OXAL is the dependent variable. 
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2 GENHOR *X^ interaction functions of soil horizon and soil 
profile (site characteristic) variables. The quadratic*linear 
2 2 interactions of PH *X^ and GENHOR *X^ were added to account 
for different curvatures of OXAL functions on PH and GENHOR 
that were observed in the different soil profiles. There 
was one observation per sampled horizon and one observation 
per soil profile or site variable. The model selection steps 
for the MODEL A series are given in Table 21. Initial 
2 Model A-1 gave an R of 0.937. Alternative MODELS A-2 to 
A-7 were run to select the best one or pair of texture vari­
ables to be included in the regression models. MODELS A-2 
to A-4 with only one texture variable present in each showed 
that CLAY was more important than either FISILT or COSILT. 
There was little reduction in R for MODEL A-7 when the 
CLAY variates were deleted from MODEL A-1 because of inter-
correlations among texture variables shown previously. 
Since the CLAY variable was to be retained based on MODELS 
2 A-2 to A-4 and since no significant difference in R occurred 
in MODELS A-5 and A-6. a choice of one of the two silt vari­
ables was made based on the pédologie significance of these 
variables in relationship to OXAL. 
OXAL occurs as noncrystalline AlgO^ coatings on particle 
surfaces; the higher the specific surface of a particle, 
the higher the amount of OXAL that can be associated with 
it. From this reasoning, OXAL should be most closely 
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Table 21. Model 
on PH 
selection steps for the regressions 
and other selected variables, MODEL 
of OXAL 
A series 
Model 
no. 
No. of 
X 
variates Model selection steps R^ 
A-1 58 Complete prediction model; all 
variates in Table 20 except 
the HION variates 
.937 
2 37 Deleted all CLAY and FISILT 
variates from MODEL A-1 
.865 
3 37 Deleted all CLAY and COSILT 
variates from MODEL A-1 
.872 
4 37 Deleted all FISILT and COSILT 
variates from MODEL A-1 
.916 
5 47 Deleted all COSILT variates from 
MODEL A-1 
.928 
6 47 Deleted all FISILT variates from 
MODEL A-1 
.932 
7 47 Deleted all CLAY variates from 
MODEL A-1 
.926 
8 
to 
19 
36 
to 
18 
Deleted 29 nonsignificant variates 
in 12 steps from MODEL A-5 
.928 
to 
.914 
20 17 Final reduced prediction model; 
deleted GENHOR^ from MODEL A-19 
.914 
associated with CLAY and FISILT since these particles have 
higher specific surfaces and higher charge densities than 
COSILT. MODEL A-5, in which all COSILT variates were deleted, 
was therefore selected. 
With MODEL A-5 as the base model, a final prediction 
MODEL A-20 was obtained after deleting nonsignificant variates 
2 by stepwise backward selection; the R values are given in 
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Table 21. The regression statistics of the final MODEL A-20 
are given in Table 22. Most of the squared and interaction 
variates were significant at the 1 percent level. 
MODEL B series with HION The initial regression 
of OXAL on the linear, quadratic, and interaction variates 
of HION and other variables (MODEL B-1) included 58 vari­
ates (all listed in Table 20 except the PH variates). The 
variates included eight linear, eight quadratic, and 42 
2 interaction terms. The R for MODEL B-1, the complete pre­
diction model, was 0.933 (Table 22). The model selection 
steps to obtain the final model were similar to those used 
in the MODEL A series. 
In alternate models, MODELS B-2 to B-7 (Table 23) , the 
highly intercorrelated texture variables were tested alter­
nately, either alone or in combinations by deleting the 
others from MODEL B-1. As in MODEL A series, the CLAY vari­
able was more important (higher R"^ in MODELS B-2 to B-4) 
than either FISILT or COSILT. Again, there was little 
2 
reduction in R by the deletion of one texture variable in 
MODELS B-5 to B-7 because of the intercorrelations among 
texture variables shown previously. Therefore, as discussed 
in the MODEL A series, the CLAY and FISILT variates were 
retained and all COSILT variates were deleted (MODEL B-5). 
It was also important to have the same variates initially 
in the MODELS A and B series to compare the PH and HION 
variables. 
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Table 22. Regression statistics of OXAL on selected variates, 
MODELS A-20 and B-23 
Regression coefficients (b-j ) 
MODEL A-20 MODEL B-23 
Variate (with PH) {with KION) 
PH or HION 0. 0705 0. 0532** 
CLAY 0. 0298** 0. 0153** 
FISILT -0. 0113** 0. 00064 
DEVPT 0. 6117** 0. 0481** 
BIO 0. 0017 -0. 00476 
GENHOR -0. 0170** -0. 00051 
DRAIN -0. 00057** 
PH^ or HION^ -0. 00949 -0. 00281** 
BIO2 0. 00579** 0. 00492** 
GENHOR^ 0. 0000009 
PH or HION*CLAY -0. 00208** -0. 00040** 
*FISILT 0. 00186** -0. 000874** 
*DEVPT -0. 1650** 0. 00350** 
*BIO —  —  -0. 00148* 
*GENHOR 0. 00466** 0. 000076 
*GENHOR^ — —  0. 000026** 
PH^ or HION^*CLAY ^ — 0. 000041** 
*FISILT —  —  -0. 000070** 
*DEVPT 0. 0122** 0. 000077* 
*BIO —  —  -0. 00227** 
*GENHOR -0. 00032** — 
CLAY*DEVPT -0. 00267** 0. 00087** 
*BIO -0. 00134** -0. 000002** 
Intercept -0. 2471 -0. 1895** 
R2 0. 910** 0. 908** 
* * * 
' Significant at the 1 and 5 percent levels, respec­
tively, in this and all subsequent tables. 
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Table 23. Model selection steps for the regressions of OXAL 
on HION and other selected variables, MODEL B 
series 
Model 
no. 
No. of 
X 
variates Model selection steps R2 
B-1 58 Complete prediction model; all 
variates listed in Table 20 except 
the PH variates 
.933 
2 37 Deleted all CLAY and FISILT 
variates from MODEL B-1 
.830 
3 37 Deleted all CLAY and COSILT 
variates from MODEL B-1 
.860 
4 37 Deleted all FISILT and COSILT 
variates from MODEL B-1 
.914 
5 47 Deleted all COSILT variates 
from MODEL B-1 
.928 
6 47 Deleted all FISILT variates 
from MODEL B-1 
.927 
7 47 Deleted all CLAY variates from 
MODEL B-1 
.917 
8 
to 
22 
39 
to 
21 
Deleted 26 nonsignificant variates 
in 15 steps from MODEL B-5 
.926 
to 
.909 
23 20 Final reduced prediction model; 
deleted DRAIN from MODEL B-22 
.907 
Starting with MODEL B-5 as the base model, final predic­
tion MODEL B-23 was obtained by stepwise, backward elimina­
tion of 27 variates which were not significant at the 1 per-
2 
cent level (Table 23). The R -value was reduced from 0.928 
in MODEL B-5 to 0.907 in final MODEL B-23. The regression 
statistics for final MODEL B-23, which included six linear. 
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three quadratic, and 11 interaction terms, are given in 
Table 22. 
Comparison of MODELS A and B series The depen­
dent OXAL variable was regressed on selected variates with 
either PH or HION included in the MODET.s A and B series, 
2 
respectively. Initial MODEL A-1 had 58 variates and an R 
of 0.937; final MODEL A-20 had 17 variates and an of 0.910. 
Initial MODEL B-1 had 58 variates also and an R^ of 0.933, 
while final MODEL B-23 had 21 variates and an R^ of 0.908. 
2 Similar R of the final models were expected; the simple 
correlation between PH and HION was -0.66 and the relation­
ship between PH and quadratic function of HION would even 
be higher. 
In both model series, all COSILT variates were deleted 
2 (with very slight reduction in R ) because of the severe 
intercorrelation among CLAY, FISILT, and COSILT. Thus, OXAL 
can be predicted from the other two texture variables with 
very little loss in precision. Additional models in the 
2 MODEL A series showed that deleting FISILT reduced the R 
by only 0.01. 
Almost the same mix of linear variates was obtained in 
both MODELS A-20 and B-23 (Table 22) . The DRAIN variable 
was deleted because of low significance in the MODEL B 
series; however, it was highly significant in the MODEL A 
series. 
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The only quadratic terms that were significant at the 
1 percent level in both final models were the soil reaction 
variates (PH^ or HION^) and BIO^. The GENHOR^, although not 
2 
significant, was retained in MODEL B-23 because the GENHOR * 
HION interaction was significant at the 1 percent level. 
Most of the 8 and 12 interactions in MODELS A-20 and 
B-23, respectively, involved the PH and HION variables (Table 
2 22). The HION and HION variates were involved in more inter-
2 
actions in MODEL B-23 than PH and PH were in MODEL A-20. 
The additional interactions in the HION final model may be 
due to the wide range of HION values. The PH range was from 
4.1 to 7.9 but the linearly-coded HION ranged from 0.01 (pH 
7.9), to 0.1 (pH 7.0), to 1.0 (pH 6.0), to 10.0 (pH 5.0), 
and to 79.4 (pH 4.1). Additional interactions with the HION 
2 
and HION were necessary to explain the OXAL relationship 
in the narrow range of HION (0.99 unit) from pH 6.0 to 7.9 
as compared to the relatively wide range of HION (78.4 units) 
from pH 4.1 to 6.0. 
Since PH and HION were negatively correlated (r=-0.66), 
the signs of their coefficients were expected to be reversed. 
This is not apparent in the two models (Table 23). However, 
the signs of the linear and squared PH and HION variates may 
vary depending on the magnitudes of coefficients of their 
interactions. These combined effects on the signs can only 
be determined by taking partial derivatives of the final 
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models with respect to PH or HION and then simplifying by 
fixing the levels of the interacting variables. 
The effects of the variables on OXAL are complex because 
of the interactions, particularly the higher-order ones 
(quadratic*linear or linear*quadratic). In MODEL A-20 (Table 
22) for example, PH had a curvilinear effect on OXAL modified 
by linear*linear interactions with CLAY, FISILT, DEVPT, and 
GENHOR and quadratic*linear interactions with DEVPT and 
GENHOR. In MODEL B-23, HION had a curvilinear effect on 
OXAL modified by both linear*linear and quadratic*linear 
interactions with CLAY, FISILT, DEVPT, and BIO and by both 
linear*linear and linear*quadratic interactions with GENHOR. 
The OXAL response curves thus were modified by the 
absence or presence of the interactions mentioned above. 
Since no interactions occurred between PH and BIO in MODEL 
A-20, the OXAL response curves to PH levels at various BIO 
levels would be parallel. Since PH had only a linear*linear 
interaction with CLAY and FISILT in MODEL A-20, the following 
occurred: (1) the curvilinear effects of PH on OXAL at 
various levels of CLAY or FISILT had the same curvature 
2 (given by the PH variate); (2) the PH values associated 
with the minimum or maximum OXAL varied linearly with the 
levels of the interacting CLAY or FISILT variable; and (3) 
the distances between points on the OXAL response curves at 
any fixed PH levels varied linearly with the levels of the 
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interacting CLAY or FISILT variable. With the addition of 
2 2 the quadratic*linear (PH *X^ or HION *%_) interactions, the 
following occurred: (1) OXAL response to PH or HION varied 
2 2 in curvature as Xj^ varied (functions of both PH and PH *Xj^ 
or HION^ and HION^*X^); (2) the PH or HION levels associated 
with minimum or maximum OXAL varied in a quadratic manner 
with the X^ level; and (3) distances between points on the 
OXAL response curves at any fixed levels of PH or HION varied 
in a quadratic manner with the X^ level. 
The main objective of this study was to obtain equations 
to predict the laboratory (dependent) variables from the 
selected independent variates remaining in the final MODELS 
A-20 and B-23. The next steps, then, were to test the 
efficiency of the final regression equations (MODELS A-20 and 
B-23) in predicting OXAL. 
Using an SAS program, the regression coefficients of 
MODELS A-20 and B-23 (Table 22) were programmed into the 
computer; from the values of the variables (horizon, site, 
and profile) for each horizon of each profile, the OXAL 
2 
values were predicted. Table 24 gives the R statistic be­
tween predicted and observed OXAL values for each soil 
profile. For MODEL A series, the efficiency of prediction 
ranged from 77 percent in the Otley profile to 98 percent 
in the Kniffin profile. For MODEL B series, the poorest 
2 prediction was obtained for the Otley profile (R =0.801**) 
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2 Table 24. R -values for observed vs. predicted OXAL values 
using final prediction MODELS A-20 and B-23 
No. of 2 
horizons R 
Soil Symbol (n) MODEL A-20 MODEL B-23 
Tama 52MB120 15 0.894** 0.937* 
Downs 52MB162 13 0.899** 0.867** 
Fayette 52MB163 15 0.936** 0.932** 
Garwin 52MB118 15 0.966** 0.979** 
Walford 52MB160 15 0.951** 0.927** 
Traer SCS164 10 0.889** 0.859** 
Otley 52MB281 16 0.772** 0.801** 
Ladoga 52MB76 17 0.822** 0.890** 
Clinton 92MB80 14 0.874** 0.848** 
Grundy P916 12 0.954** 0.937** 
Pershing P911 9 0.909** 0.925** 
Weller P909 12 0.908** 0.911** 
Seymour P780 11 0:952** 0.931** 
Kniffin P903 11 0.977** 0.979** 
Rathbun P906 10 0.918** 0.964** 
and the best was obtained for the Garwin and Kniffin soils 
(R =0.979**). Figures 63, 64, 65, and 66 show the relation­
ships between the observed and predicted OXAL values for 
Tama (52MB120), Otley (52MB281), Grundy (P916) , and Kniffin 
(P903). It can be deduced from the high R^-values and 
figures that MODELS A-20 and B-23 were highly efficient in 
predicting OXAL in most of these profiles. 
2 Based on the R -values shown in Table 24, little dif­
ference occurred in the precision of the final regression 
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MODELS A-20 and B-23 for predicting OXAL in individual soil 
profiles; therefore, either one can be used efficiently. 
As a further test of these models, their precisions of 
predicting OXAL were tested using four soils from Ohio. All 
the relevant data needed for predicting OXAL using MODELS 
A-20 and B-23 were obtained from the Ph.D. dissertation of 
Hallmark (1977) (courtesy of Dr. Michael L. Thompson). The 
soil profiles used in this test included Wadsworth (TR-17) 
and Venango (TR-19) from Trumbull County and two Bennington 
profiles (WN-46 and FR-43) from Wayne County. These soils, 
developed from low-lime, glacial till of late-Wisconsin age, 
occurred on somewhat poorly drained, upland positions. The 
Wadsworth and Venango soils contained fragipan horizons; 
these horizons were deleted from the comparisons since none 
of the Iowa soils used to develop the prediction equations 
had fragipan horizons. 
The OXAL values which were predicted for each horizon 
2 from the values of the variables, and also the R -values for 
the observed vs. predicted OXAL values for the four soil 
profiles are given in Table 25. The high precision of these 
2 
models in predicting OXAL is shown by the high R -values 
obtained. Although these models were developed using soils 
that formed in loess, the final prediction models were still 
able to predict with high precision the OXAL in soils 
developed in till parent material. 
Table 25. Values of the independent variables, observed OXAL, and predicted OXAL 
from MODELS A-20 and B-20 in Ohio profiles from Hallmark (1977)^ 
Depth to 
midpoint 
of 
horizon HION 
cm GENHOR PU (coded) 
OXAL (% AlgO^) 
Predicted 
CLAY FISILT from MODEL 
(%) (%) Observed A-20 B-23 
Wadsworth (TR-17) 
26 E 5.2 6.309 15.1 31.4 0.22 0.21 0.23 
35 BE 4.9 12.589 19.5 29.2 0.21 0.22 0.26 
47 Btl 4.7 19.953 27.6 27.7 0.29 0.26 0.24 
61 Bt2 4.7 19.953 29.5 27.8 0.26 0.25 0.22 
137 BC 6.9 0.126 18.9 30.7 0.12 0.13 0.12 
160 CI 7.3 0.050 18.4 31.1 0.10 0.13 0.11 
188 C2 8.2 0.006 17.3 28.5 0.09 0.11 0.10 
218 C3 8.1 0.008 16.7 38.9 0.10 0.15 0.11 
0.96** 0.85 
Venango (TR-19) 
32 BE 4.7 19.953 20.1 37.2 0.22 0.22 0.21 
42 Btl 4.5 31.623 26.0 32.4 0.30 0.25 0.26 
51 Btl 4.7 19.953 25.7 29.1 0.30 0.25 0.23 
62 Bt2 4.7 19.953 20.7 25.3 0.19 0.21 0.16 
75 Bt2 5.1 7.943 19.8 24.5 0.14 0.19 0.23 
129 BC 6.3 0.501 19.0 24.7 0.09 0.14 0.12 
150 CI 6.3 0.501 22.1 26.2 0.07 0.13 0.12 
176 C2 6.2 0.631 21.6 26.2 0.07 0.13 0.12 
r2 0.96** 0.74** 
^DEVPT=3 for Wadsworth and Venango and 4 for Bennington (WN-46) and (FR-43); 
for all profiles, DRAIN=50 and BI0=5. 
Table 25. Continued 
Depth to 
midpoint 
of 
horizon HION 
cm GENHOR PH (coded) 
OXAL (% ALGOJ) 
Predicted 
CLAY FISILT from MODEL 
(%) (%) Observed A-20 B-23 
Bennington (WN-46) 
13 Ap 6 . 2 0 . 631 14.4 38.2 0.17 0.18 0.16 
27 E 5.9 1 .259 21.2 38.2 0.17 0.19 0.17 
32 Btl 4.8 15 .850 26.9 35.0 0.21 0.26 0.27 
42 Bt2 4.8 15 .. 850 31.2 34.5 0.22 0.25 0.25 
114 C2 8.0 0 .,010 26.1 35.5 0.07 0.12 0.12 
140 C3 8.0 0 .,010 26.5 36.8 0.07 0.13 0.12 
r2 0.89** 0.81** 
Bennington (FR-43) 
11 Ap 5.8 1. 585 23.3 49.6 0.23 0.20 0.18 
29 BE 5.4 3. 981 42.3 42.6 0.30 0.22 0.21 
41 Btl 6.2 0. (331 42.3 • 42.9 0.26 0.15 0.18 
52 Bt2 6.7 0. :L99 36.9 45.7 0.22 0.13 0.17 
69 Bt3 7.0 0. 100 37.0 43.3 0.17 0.12 0.16 
84 BC 7.1 0. 079 32.0 29.0 0.14 0.12 0.14 
102 CI 7.5 0. 032 24.3 32.1 0.08 0.10 0.12 
136 C2 7.5 0. 032 23.1 31.6 0.05 0.12 0.12 
170 C3 7.5 0. 032 25.8 36.3 0.05 0.13 0.12 
0.56** 0.97** 
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Multiple regressions of EXAL 
Multiple regressions of EXAL (KCl-extractable Al) were 
computed on soil profile, soil horizon, and site properties. 
The variables included in these regressions are given in 
Table 26. These variables had been screened through the 
examination of simple correlations between independent vari­
ables, between the dependent (EXAL) and independent variables, 
and finally through the examination of the latent roots and 
their corresponding vectors of the variables. 
Aluminum plays a very significant role in soil acidity 
as observed by Chernov (1947), Jackson (1960, 1963), and 
McLean (19 76). Soil acidity measured below pH 5.2 is known 
to be related more to monomeric alumino-hexahydronium ions 
(Al-hex) than to hydronium (H^O^). Al-hex ions dissociate 
sequentially on the addition of base (increasing pH) to 
release hydrogen ions leaving OH ions in place. Thus, 
Al-hex acts as a weak acid and can be adsorbed on cation 
exchange sites; it can be easily displaced with IN KCl 
(EXAL) if pH is below 5.2. At higher pHs, however, OH-Al^^ 
or (OH2)"Al^ is formed before or after the ions are adsorbed 
onto the soil cation exchange sites, and this aluminum 
specie is not very easily extractable with KCl. 
Since the soil reaction is so critical in the occurrence 
of EXAL in the soil, it was pertinent to investigate, as 
in the regressions of OXAL, whether PH (a logarithmic 
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Table 26. Variâtes included in the multiple regressions of 
EXAL on selected variables, MODELS C and D series 
Variate 
^i Variate Variate 
1 PH 28 HION*CLAY 55 FISILT*COSILT 
2 HION 29 *FISILT 56 *DEVPT 
3 CLAY 30 *COSILT 57 *BIO 
4 FISILT 31 *DEVPT 58 *GENH0R 
5 COSILT 32 *BIO 59 *DRAIN 
•u 33 *GENHOR 
7 EXAL 34 *DRAIN 60 COSILT*DEVPT 
8 DEVPT 61 *BIO 
9 BIO 35 PH *CLAY 63 *GENH0R 
10 GENHOR 36 *FISILT 64 *DRAIN 
11 DRAIN 37 *COSILT 
38 *DEVPT 65 DEVPT*BIO 
12 PH^ 39 *BIO 66 *GENH0R 
13 HI0N2 40 *GENH0R 67 •DRAIN 
14 CLAY^ 41 *DRAIN 
15 FISILT^ 68 BI0*GENH0R 
16 COSILT^ 42 HION *CLAY 69 *DRAIN 
43 *FISILT 
17 DEVPT^ 44 *COSILT 70 GENH0R*DRAIN 
18 BIO2 45 *DEVPT o 
19 GENHOR^ 46 *BIO 71 GENHOR *PH 
20 DRAIN2 47 *GENH0R 72 *HI0N 
48 *DRAIN 73 *CLAY 
21 PH*CLAY 74 *FISILT 
22 *FISILT 49 CLAY*FISILT 75 *COSILT 
23 *COSILT 50 *COSILT 
24 *DEVPT 51 *DEVPT 76 *DEVPT 
25 *BIO 52 *BIO 77 *BI0 
26 *GENH0R 53 *GENH0R 78 *GENH0R 
27 •DRAIN 54 *DRAIN 79 *DRAIN 
^X6 is the OXAL variable and X62 is the dummy variable 
(51st transformation) in the Helarctos program. 
^EXAL is the dependent variable. 
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function) or HION (a coded linear function) was a better 
indicator of soil reaction in the multiple regressions. 
Hence, PH and HION were tested in two series of alternative 
models. 
MODEL C series with PH In the initial prediction 
MODEL C-1, EXAL was regressed on all the variates listed 
in Table 26 except the linear, quadratic, and interaction 
functions of HION. MODEL C-1 had 58 variables, made up of 
eight linear, eight quadratic, and 42 interaction functions 
2 
of horizon and profile variables. Its R was 0.876. 
The extraction of EXAL is a surface phenomenon ; this 
makes CLAY a very important variable among the texture vari­
ables, due to its high specific surface and high surface 
density. All three texture variables could not be included 
in the regression, however, because they were highly inter-
correlated. 
Alternative MODELS C-2 and C-3 were run to select one 
of the silt variables. In MODEL C-2, all FISILT variates 
were deleted; in MODEL C-3, all COSILT variates were deleted. 
2 The R for MODELS C-2 and C-3 were 0.870 and 0.871, respec-
2 tively. These R -values were almost identical, but FISILT 
was retained due to its higher specific surface. 
MODEL C-3 was then used as a base to develop final pre­
diction MODEL C-21 through a series of stepwise, backward 
eliminations of nonsignificant variates. A summary of the 
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2 
model selection steps is presented in Table 27. The R for 
final MODEL C-21 was 0.842. 
MODEL D series with HION The complete prediction 
model (MODEL D-1) contained 58 variables; these included 
all variates listed in Table 26 except the PH variates. 
2 The R was 0.955. The FISILT was selected as the other 
texture variable in addition to CLAY for the same reason as 
given previously. Using the same criteria as used in MODELS 
A, B, and C series, final MODEL D-15 was obtained after 
deleting 24 nonsignificant variates from MODEL D-3 (Table 27). 
Comparison of MODELS C and D series In the multiple 
regression of EXAL on PH and selected variables, final MODEL 
2 C-21 had 12 variates and an R of 0.842. In the regression 
of EXAL on HION and selected variables, final MODEL D-15 
2 had 23 variates and a very high R of 0.935. The large 
2 difference in R of the two models could be due to two 
reasons: (1) EXAL was much more highly correlated with HION 
than with PH (r=0.90 and -0.56, respectively); in effect, 
HION accounted for 81 percent of the variation of EXAL in 
the soil while PH explained only 31 percent; and (2) MODEL 
D-15 had 11 more variates than MODEL C-21. 
All the linear variates included in the initial MODEL 
D-1 were retained in the final prediction MODEL D-15 (Table 
28) . The FISILT, BIO, and DRAIN variates were not significant 
at the 1 percent level; they were retained, however, because 
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Table 27. Model selection steps for the regressions of EXAL 
on PH or HION and other selected variables, MODELS 
C and D series 
No. of 
Model X 2 
no. variates Model selection steps R 
C-1 58 Complete prediction model; all 0.876 
variates in Table 26 except 
the HION variates 
2 47 Deleted all FISILT variates from 0.870 
MODEL C-1 
3 47 All COSILT variates deleted from 0.871 
MODEL C-1 
4 41 Deleted 28 nonsignificant variates 0.842 
to to in 17 steps from MODEL C-3 
20 13 
21 12 Final reduced prediction model; 0.842 
deleted FISILT from MODEL C-20 
D-1 58 Complete prediction model; all 0.955 
variates in Table 26 except 
the PH variates 
2 47 Deleted all FISILT variates from 0.950 
MODEL D-1 
3 47 Deleted all COSILT variates from 0.950 
MODEL D-1 
4 43 Deleted 19 nonsignificant variates 0.937 
to to in 11 steps from MODEL D-3 
14 24 
15 23 Final reduced prediction model; 0.935 
deleted FISILT from MODEL D-14 
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Table 28. Regression statistics of EXAL on selected variates, 
MODELS C-21 and D-15 
Regression coefficients (bi) 
MODEL C-21 MODEL D-15 
Variate (with PH) (with HION) 
PH or HION 
CLAY 
FISILT 
DEVPT 
BIO 
GENHOR 
DRAIN 
PH^ or HION^ 
GENHOR^ 
5.9193 
1.0908** 
11.9401** 
-0.3137** 
•0.3843 
-0.000197** 
-0.6490** 
0.0842* 
0.00441 
0.2864** 
0.1570 
0.1044** 
-0.00468 
-0.00262 
-0.000708** 
PH or HION*CLAY 
*FISILT 
*DEVPT 
*BIO 
*GENHOR 
*DRAIN 
PH^ or HION^*CLAY 
*FISILT 
*BIO 
*GENHOR 
-0.3279** 
-3.8698** 
0.1099** 
0.02317* 
0.3077** 
-0.00874* 
0.00773** 
0.000699 
-0.0274** 
0.0250** 
0.01004** 
0.00219** 
0.000292** 
•0.000135** 
CLAY*GENHOR 
DEVPT*GENHOR 
BIO*GENHOR 
-0.00333** 
-0.00282** 
-0.00874** 
GENHOR *HION 
*CLAY 
*BIO 
-0.000062** 
0.000023** 
0.000063** 
Intercept 
r2 
-20.9582 
0.842 
•2.5727* 
0.935 
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they were involved in significant interactions. Because of 
their low significance, the FISILT, DEVPT, and DRAIN vari­
âtes were deleted in the MODEL C series. 
In addition to the quadratic soil reaction variates 
2 2 2 (HION and PH ), GENHOR was the only significant quadratic 
term that was retained in both MODEL series. All six inter­
actions in MODEL C-21 involved the PH variable (Table 28) 
while the 14 interactions in MODEL C-15 involved both HION 
and GENHOR. As explained previously, the wide range of the 
linearly-coded HION may have accounted for the additional 
interactions needed to explain its effect on EXAL in both 
the wide range of HION from pH 4.1 to 6.0 and in the narrow 
range of HION (one unit) from pH 6.0 to 7.9. 
The PH variable had a curvilinear effect on EXAL in 
MODEL C-15 which was modified by linear*linear and quadratic* 
linear interactions with CLAY, BIO, and GENHOR. The curvi­
linear effect of HION on EXAL in MODEL D-15 was modified 
by linear*linear interactions with CLAY, DEPTH, BIO, and 
DRAIN, linear*linear and quadratic*linear interactions with 
FISILT, and linear*linear, quadratic *1inear, and linear* 
quadratic interactions with GENHOR. Also, in MODEL D-15, 
GENHOR had a curvilinear effect on EXAL which was modified 
by a linear*linear interaction with DEVPT, linear*linear 
and quadratic*linear interactions with CLAY and BIO, and 
three interactions with HION previously mentioned. The effect 
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on the EXAL response curves of these interactions will show 
similar trends as discussed for OXAL previously. 
The same SAS program used to predict OXAL in the indi­
vidual profiles from final MODELS A-20 and B-23 was used to 
predict EXAL in individual profiles using the regression 
coefficients of final MODELS C-21 and D-15 (Table 28). The 
values of the variables (horizon, site, and profile) for 
each horizon in the profiles were used in the regression 
2 
equations. The R -values between predicted and observed 
EXAL values for each soil profile are given in Table 29. 
The precision of prediction using MODEL C-21 ranged 
from 17 percent in the Garwin profile to 90 percent in Traer. 
In MODEL D-15, the lowest (0.390) was also obtained in 
2 the Garwin profile while the highest R of 0.981 was obtained 
in the Rathbun profile. It is apparent from Table 29 that 
MODEL D-15 (with HION) is a better predictor of EXAL in 
individual profiles than MODEL C-21 (with PK) . This was 
2 
expected because of the significant difference in the R 
values between the two final models. Since only trace 
amounts of EXAL occurred at pH values from 5.7 to 6.0 and 
no EXAL above 6.0, the narrow range of HION above pH 6.0 
thus did not introduce much error in predicting EXAL values 
of 0. For predicting EXAL on PH, some mathematical functions 
2 other than the quadratic one should give a better fit or R . 
If no EXAL occurs above pH 6.0 in any soil, another approach 
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2 Table 29. R -values for observed vs. predicted EXAL values 
using final prediction MODELS c-21 and D-15 
No. of 
Soil Symbol 
horizons 
(n) 
MODEL C-21 
(with PH) 
MODEL D-15 
(with HION) 
Tama 52MB120 15 0.530 0.834** 
Fayette 52MB163 15 0.822** 0.887** 
Garwin 52MB118 15 0.169 0.390 
Walford 52MB160 15 0.620* 0.930** 
Traer ses 164 10 0.903** 0.958** 
Otley 52MB281 16 0.630** 0.834** 
Ladoga 52MB76 17 0.624** 0.501* 
Clinton 92MB80 14 0.637* 0.634* 
Grundy P916 12 0.623* 0.940** 
Pershing P911 9 0.829** 0.932** 
Weller P909 12 0.869** 0.942** 
Seymour P780 11 0.727* 0.796** 
Kniffin P903 11 0:865** 0.962** 
Rathbun P906 10 0.876** 0.981** 
would be to delete all observations above pH 6.0 in the 
model-building process and predict EXAL only if the pH is 
6.0 or less. 
A trend was apparent in the prediction efficiencies of 
the EXAL models in the individual profiles. In both MODELS 
C-21 and D-15, the precision of prediction was high for soils 
that had large amounts of EXAL but low for soils that had 
small amounts of EXAL. The consequence of this is that 
higher precision was obtained for the forest member of a 
biosequence while lower precision was obtained for the 
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prairie-derived soils. It can also be noted in Table 29 
that the precision of prediction generally increased with 
soil development. Increased development is accompanied by 
a decrease in pH with the consequent increase in the amounts 
of EXAL and an increased efficiency of the models in pre­
dicting EXAL. 
To further test the precision and efficiencies of these 
models in predicting EXAL, they were used on three of the 
four soils on which MODELS A-20 and B-23 were tested to 
predict OXAL. The Bennington profile {FR-43) had no EXAL. 
EXAL values were predicted for each horizon using the values 
of the variables and the regression coefficients of MODELS 
C-21 and D-15. Table 30 lists the values of the independent 
2 
variables, observed and predicted EXAL values, and the R -
values for the observed vs. predicted EXAL values. 
Low efficiencies were obtained for MODEL C-21 in the 
Wadsworth and Bennington (WN-46) profiles, but it was very 
efficient in predicting EXAL in Venango. With the exception 
of Venango, MODEL D-15 was very efficient in predicting EXAL 
1 
in soils, based on the R^-values. The reasons for these 
inconsistencies and lack of precision in the prediction 
abilities of MODELS C-21 and D-15 could be due to one of 
two reasons: (1) these models, as observed earlier, are not 
efficient in predicting low values of EXAL or (2) there is 
confounding between CLAY and PH (and therefore HION) in the 
Table 30. Values of the independent variables, observed EXAL> and predicted EXAL 
from MODELS C-21 and D-15 in Ohio profiles from Hallmark (1977) 
Depth to 
midpoint 
of 
horizon 
cm GENHOR PH 
H ION 
(coded) 
CLAY 
(%) 
EXAL (Meg Al/lOO g) 
Predicted 
FISILT from MODEL 
(%) Observed C-21 D-15 
Wadsworth (TR-17) 
26 E 5.2 6.309 15.1 31.4 1.33 0.76 
35 BE 4.9 12.589 19.5 29.2 2.56 1.69 
47 Btl 4.7 19.953 27.6 27.7 5.22 2.68 
61 Bt2 4.7 19.953 29.3 27.8 3.67 2.64 
137 BC 6.9 0.126 18.9 30.7 0.00 0.69 
160 CI 7.3 0.050 18.4 31.1 0.00 1.08 
188 C2 8.2 0 .006 17.3 28.5 0.00 2.66 
218 C3 8.1 0.008 16.7 38.9 0.00 2.46 
R 0 . 2 0  
-0.34 
0.27 
1  . 0 8  
1 . 1 1  
-0.03 
-0.07 
- 0 . 1 1  
- 0 . 0 8  
0.79** 
ro 
w 4^ 
12 Ap 5.0 
32 BE 4.7 
42 Btl 4.5 
51 Btl 4.7 
62 Bt2 4.7 
75 Bt2 5.1 
129 BC 6.3 
150 CI 6.3 
176 C2 6 .2 
Venango (TR-19) 
10 .000 11.6 39.4 
19 .953 20.1 37.2 
31 .623 26.0 32.4 
19 .953 25.7 29.1 
19 .953 20.7 25.3 
7 ,943 19.8 24.3 
0 .501 19.0 24.7 
0 .501 22.1 26.2 
0 .631 21.6 26.2 
0.56 0.95 -1.99 
1.89 2.34 1.39 
3.44 3.39 2.02 
4.22 2.56 1.03 
2.22 2.10 -0.28 
0.56 1.08 0.26 
0.00 0.15 -0.03 
0.00 -0.17 -0.07 
0.00 -0.30 -0.04 
R2 0.84** 0.38 
^DEVPT=3 for Wadsworth and Venango; 4 for Bennington; for all profiles 
DRAIN=50, BI0=5. 
Table 30. Continued 
Depth to 
midpoint 
of 
horizon HION 
cm GENHOR PH (coded) 
EXAL (Meg Al/lOO g) 
Predicted 
CLAY FISILT from MODEL 
{%) (%) Observed C-21 D-15 
Bennington (WN-46) 
13 Ap 6 . 2  0.631 14.4 38.2 0.06 -0.61 0.33 
27 E 5.9 1.259 21.2 38.2 0.06 -0.38 0.43 
32 Btl 4.8 15.850 26.9 35.0 1. 78 2.27 1,25 
42 Bt2 4,8 15.850 31.2 34.5 2.00 2.35 1.46 
114 C2 8.0 0.010 26.1 35.5 0.00 1.77 0,03 
140 C3 8.0 0.010 26.5 36.8 0.00 1.75 0,04 
0.40 0.95** 
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original data used in deriving these models. In the Iowa 
soils, high acidity is associated with high clay contents 
in the Bt horizons. The Ohio soils developed in glacial till 
and are high in sand. They have low clay contents associated 
with high acidities in the Bt horizons. There is, therefore, 
a lack of comparable combinations of PH (or HION) and CLAY 
values between the Ohio and Iowa soils. This may make the 
models inefficient in predicting EXAL in the Ohio soils. 
X-ray Diffraction Analysis 
As a means of identifying and semiguantitatively esti­
mating the amounts of the various clay minerals, five dif­
ferent treatments were given to the <2 um clay samples as 
outlined in the materials and methods section (Chapter 3) 
of this report. In this section, the general effects of 
these treatments on the clay minerals will be discussed. 
Mg—25 °C treatment 
X-ray diffraction analysis of oriented, air-dried, 
Mg-saturated clay samples produced peaks at 14.2 A°, 7.15 
A°, 5.0 A°, 4.26 A°, 3.58 A°, and 3.33 A° (Figures 67, 58). 
These diffraction patterns were characteristic of all clays 
from all horizons in all profiles included in this study. 
However, the intensities of these peaks varied from one 
horizon to the other. 
S2MB163:Mg-25"C 
Bt2 
BC1 
CI 
10.0 14.2 3.3 3.57 7.15 5.0 
IVifjuro 67. X-ray cliffractLocjram of total clay fraction from selected horizons of 
I'ayi:lLL' scjjl, M(j-2S"C treatment 
52MB120:Mg-25 C 
\Jï 
N) 
U) 
00 
"3.3 3.57 4.26 5.0 7.15 10.0 14.2 
I'iquro 68. X-ray di f f rac tiograni of total clay fraction from selected horizons of 
Tama soil, Mg-25°C treatment 
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The 14.2 A° peaks result from the contributions of one 
or more of the following clay minerals: smectite, vermicu-
lite, vermiculite with interlayer aluminum, chlorite, or 
randomly interstratified combinations of the above minerals. 
Distinctions among this varied group of minerals were made 
on the basis of the effects of K-sa-f-uration, glycolation 
after Mg-saturation, and heat treatment of the K-saturated 
samples. The presence of kaolinite and chlorite is suspected 
because of the presence of distinct 7.15 and 3.58 A° peaks. 
The 10 A° peak indicates that mica is present in these clay 
samples. 
In addition to this basic pattern, the B horizons of 
Pershing (P911), Kniffin (P903), and Rathbun (P906) had 
distinct peaks at 6.28 A°. The presence of lepidocrocite 
was suspected, and this was confirmed later through the use 
of transmission electron microscopy. 
Mq-ethylene glycol (MgEG) treatment 
All samples which were treated with ethylene glycol 
after being saturated with Hg gave x-ray diffraction peaks 
at 10 A°, 5.0 A°, and 3.33 A° (Figures 69-73), the d-spacings 
characteristic of mica. There was also a 7.15 A° peak for 
all samples; an indication that kaolinite could be present, 
since this peak also corresponds with the 002 reflections 
from interlayered smectite or vermiculite and chlorite. The 
52MB120:Mg-EG 
Figure 69. X-ray diffractograni of total clay fraction from selected horizons of 
Tama soil, MgEG treatment 
P909:Mg-EG 
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3.3 3.57 4.26 5.0 7.15 
Figure 70. X-ray diffractogram of total clay fraction from selected horizons of 
Ladoga soil, MgEG treatment 
P903:Mg-EG 
P916:Mg-EG 
10 14.2 18.0 7.15 3.3 3.57 5.0 4.26 
Figure 71, X-ray diffractogram of total clay fraction from C horizons of Kniffin 
and Grundy soils, MgEG treatment 
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Figure 72. X-ray diffractogram of total clay fraction from selected horizons of 
Ladoga soils, MgEG treatment 
P903:Mg-EG 
/ P911:Mg-EG 
P906 
to 
3.3 3.57 4.26 7.15 10 14.218 
Figure 73. X-ray diffractograni of total clay fraction of B horizons of Kniffin, 
Pershing, and Rathbun soils, MgEG treatment 
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presence of clay-size quartz was also indicated by 
d-spacings of 4.26 A° and 3.33 A°. 
Unlike the x-ray diffraction patterns of Mg-saturated 
samples, there were significant differences in patterns of 
the Mg-ethylene glycol-treated clays both among profiles 
and among horizons within profiles. In the A and E horizons 
of six of the profiles studied, Tama, Traer, Otley, Pershing, 
Weller, and Rathbun, there were no distinctly identifiable 
peaks in the 25 to 15 A° region as shown in Figures 69 and 
70. On some of the diffractograms, however, vermiculite 
could be identified by the presence of a 14.2 A° peak. The 
C horizons of Kniffin and Grundy soils produced x-ray dif­
fraction patterns (Figure 71) similar to the A horizon 
samples discussed above. 
The A horizons of the remaining profiles gave x-ray 
diffraction patterns which had very broad shoulders between 
25.6 A° and 17 A° (Figure 72). This behavior is character­
istic of randomly mixed layer minerals. These minerals can 
result primarily through hydrothermal alteration or as a 
consequence of weathering. The latter process involves the 
partial removal of interlayer K from micas or removal of 
hydroxide interlayers from chlorite. This can be accompanied 
by possible structural changes with a concomitant decrease 
in the layer charge of minerals (Sawhney, 1977). In these 
loess-derived soils, the process of weathering can account 
for the presence of these minerals. 
246 
The rest of the horizons gave distinct 18 A° x-ray dif­
fraction peaks characteristic of smectites. These peaks 
result from a duo-interlayer produced by the absorption of 
ethylene glycol causing the expansion of the 001 spacing 
Vermiculite was also identified by its 14.2 A° basal spacing 
which results as a consequence of a monolayer produced 
through ethylene glycol adsorption. 
The lepidocrocite peak at 6.28 A° which was obtained 
on the Mg-25°C x-ray diffraction patterns of the B horizons 
of Kniffin, Rathbun, and Pershing still persisted after this 
treatment as shown in Figure 73. 
K-25°C treatment 
This treatment of soil clays causes d-spacings of dis­
crete vermiculite and smectite to collapse to 10 A° (Douglas, 
1977; Borchadt, 1977). The 10 A° d-spacing obtained on K-
saturation of these samples could therefore be due to contri­
butions from mica, discrete vermiculite, and smectite (Figures 
74-77). The 7.15 A° and 3.58 A° d-spacings which could be 
due to kaolinite and chlorite were also obtained. The identi­
fication of quartz was based on the presence of 4.26 A° and 
3.33 A° d-spacings. 
On all these K-saturated x-ray diffraction patterns, a 
prominent broad shoulder occurred between 12.8 and 11.4 A°. 
This is due to the presence of hydroxy-interlayered vermicu­
lite, smectite, or chlorite which do not collapse completely 
52MB160:K25 C 
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Figure 74. X-ray diffractogram of total clay fraction from selected horizons of 
Walford (variant) sioil, K-25°C treatment 
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Figure 75. X-ray diffractograni of total clay fraction from selected horizons of 
Downs soil, K-25°C treatment 
P911:K25®C 
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Figure 76. X-ray cliffractogram of total clay fraction from selected horizons of 
Pershing soil, K-25°C treatment 
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Figure 77. X-ray cliff ractogram of total clay fraction from selected horizons of 
Ladoga soil, K-25°(- treatment 
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to 10 A° (Barnhisel, 1977). The amounts and nature of these 
hydroxy-interlayered materials have not been critically 
studied on Iowa soils. 
In all the profiles studied, the degree of collapse, 
as assessed by the areas under the 11.4 to 12.8 A° shoulder, 
increases to a maximum in the B horizon and decreases from 
there into the C horizon (Figures 74-77). 
K-350°C treatment 
Upon heating a K-saturated clay sample at 350°C for two 
hours, volatilization of all adsorbed water causes basal 
spacings of 12 A° to 14 A°, which are characteristic of 
hydroxy-interlayered smectite and vermiculite, to decrease 
to 10 A°. In none of these samples studied was there a 
complete collapse of the 12 A° and 14 A° to 10 A°. This 
is indicated by the extreme asymmetry of the K-350°C 10 A° 
reflections (Figures 78-81). A broad shoulder, and sometimes 
distinct peaks, occurred on the low angle side of the 10°A 
peak. These features are probably due to incomplete filling 
of the interlayers of the 2:1 minerals by hydroxy Al and Fe 
components with moderate thermal stability. This is defini­
tive evidence of the presence of hydroxy-interlayered 
vermiculites and smectites in Iowa soils. The resistance 
to total collapse of the 12 to 14 A° peaks was generally 
less in the A and C horizons as compared to the B horizon. 
The presence of kaolinite and/or chlorite in these clay 
P916:K350°C 
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Figure 78. X-ray cliff ractogram of total clay fraction from selected horizons of 
Grundy soil, K-350"C treatment 
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Figure 79. X-ray diffractogram of total clay fraction from selected horizons of 
Garwin soil, K-350°C treatment 
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Figure 80. X-ray diffractogram of total clay fraction from selected horizon 
Pershing soil, K-350°C treatment 
s of 
P909:K350°C 
El 
BE 
w Bt2 
Btg2 
eg 
10.0 3.3 3.57 4.26 7.15 5:0 
Figure 81. X-ray diffractograni of total clay fraction from selected horizons of 
Weller soil, K-350®C treatment 
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materials is further indicated by the occurrence of 7.0 and 
3.58 A° basal spacings. Sharp, high intensity quartz peaks at 
4.26 A° and 3.33 A° were also obtained after this heat treat­
ment. The 6.28 A° peak attributed to lepidocrocite in the B 
horizons of Kniffin, Rathbun, and Pershing was lost in thermal 
decomposition. 
K-550°C treatment 
Upon heating the clay samples to 550°C for two hours, the 
basal d-spacings that remained were 10 A", 5 A°, 4.26 A°, and 
3.33 A° (Figures 82-85). There still occurred humps on the 
low angle side of the 10 A° reflection which could still be 
attributed to the presence of more hydroxy-interlayered forms 
of vermiculite (Bamhisel, 1977) . These shoulders, however, 
were smaller than those obtained on the K-350°C diffractograms. 
The shoulders were more prominent in the clay from the 
A horizons. These shoulders decreased in size to produce 
almost completely symmetrical 10 A° peaks lower in the profile. 
This suggests higher resistance to collapse due to relatively 
high amounts of hydroxy-interlayer materials in the A horizon 
as compared to the B and C horizons. This is a reflection 
of the high intensity of weathering in the A horizon and the 
decreasing intensity of weathering with increasing depth in 
the profile. The intensity of weathering, as assessed by 
the size of the shoulder on the 10 A° peak, also varied 
among profiles. The shoulders become more intense with an 
52MB163:K550*C 
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Figure 82. X-ray diffractogram of total clay fraction from selected horizons of 
Fayette soil, K-550°C treatment 
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Figure 83. X-ray cliffractogram of total clay fraction from selected horizons of 
Kniffin soil, K-550°C treatment 
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Figure 84. X-ray diffractograin of total clay fraction from selected horizons of 
Rathbun soil, K-550°C treatment 
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Figure 85, X-ray diffractogram of total clay fraction from selected horizons of 
Downs soil, K-550°C treatment 
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increasing degree of profile development from Tama to Rathbun 
(Figures 82-85). 
The 7.0 A° peak disappeared after this treatment. This 
indicates that these clay samples contain kaolinite. None 
of these samples showed any evidence of chlorite since there 
was never any 14 A° or 7.0 A° peak after this treatment. 
Quartz peaks at 4.26 A° and 3.33 A° still persisted. 
Through these treatments, the following" clay minerals 
were identified in these Iowa soils: mica, smectite, vermicu-
lite, hydroxy-interlayered vermculite and smectite, kaolinite, 
and quartz. Lepidocrocite was also present in the B horizons 
of Kniffin, Rathbun, and Pershing soils. 
Results of Clay Mineralogy by Soil Series 
Semiquantitative analysis was used to estimate the 
amounts of different clay minerals obtained from selected 
horizons of the study profiles. These amounts are presented 
in Appendix C. It must be emphasized that these clay mineral 
percentages are not intended to be an accurate measure. 
However, comparisons of the values among horizons within a 
profile can be validly interpreted as the relative increase 
or decrease of clay minerals represented by the diffractogram 
peaks. 
The amounts of the oxides of Si, Al, and Fe obtained 
through elemental analyses of the clay materials are pre­
sented in Appendix C. Silica to alumina (SiOg/AlgO^) and 
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silica to sesguioxide (SiO^/(Fe^O^+Al^Og)) ratios (Tables 
31-43) were examined to investigate the possibility of 
sesquioxide redistribution within these profiles. 
The amounts of Fe, Al, and Si oxides which were extracted 
using ammonium oxalate (pH 3.5) are given in Appendix C. 
These oxides were expressed as percentages of the total 
oxides of the respective elemental oxides which were obtained 
through elemental analyses. This was done to assess what 
proportion of the total oxides is amorphous. 
Tama series 
The study profile, 52MB120, has smectite, hydroxy-
interlayered 2:1 minerals, and mica as .the major minerals 
in the total clay fraction from all horizons. No distinct 
x-ray diffraction peaks could be identified for smectite 
and vermiculite in the Al horizon (Figure 86a). This could 
be attributed to one of these causes: (1) poor crystallinity 
in the presence of organic matter and decreased particle 
size; (b) the effect of preferential eluviation of these 
clay minerals from the A horizon and their illuviation 
deeper into the profile. The latter factor could be the 
more important of the two based on the depth distribution 
pattern of smectite. In the Btl horizon, 41 percent smectite 
was obtained. The amount of smectite increases to a slight 
but discernible bulge down in the profile (Figure 86a). 
Figure 86a: 
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Hydroxy-interlayered smectite and vermiculite are 
important clay mineral components at all depths in this 
pedon. A maximum amount of 31 percent is in the A1 horizon 
and it gradually decreased with depth. The minimum content 
of this clay material is in the Bt2 horizon. Hydroxy-
interlayered materials in soils are a product of weathering. 
They may result from the deposition of hydroxy materials 
within the interlayer spaces of expansible layer silicates. 
In this profile, the maximum amount of hydroxy-interlayered 
materials is in the same horizon of minimum smectite content 
and vice versa. This could be a possible indication of 
weathering- of smectites to hydroxy-interlayered materials. 
The amount of mica obtained through x-ray diffraction 
analyses (Figure 86a) is 52 percent in the A1 horizon. It 
decreases sharply to 27 percent in the Btl horizon, below 
which it decreases gradually down the profile. The amount 
of mica determined through K^O analysis, however, shows a 
decrease with depth in the CI horizon. It increases again 
in the C2 horizon (Figure 86b). 
Kaolinite and vermiculite, in addition to clay-size 
quartz, were also identified and their amounts estimated 
(Appendix C). The amount of kaolinite decreases systemati­
cally with depth. 
Figure 87a shows the silica-sesquioxide ratios of the 
clay fraction in this soil. There is a slight but systematic 
a 3.0 3.5 
30^ 
A l  
GOz. 
E 
u  B t l  
H 90 
a 
lU 
o 
120 
/ 
A 
I 
ht2 
C l  
I 
I 
I 
i 
150 
C 2  !\ 
R A T I O  
4JI 4.5 
Ill0a/Ali|03 
180 
',81 Og/lAlgO*^, 
À 
5J) 
% N O N C R Y S T A L L I N E  O X I D E S  
b 5 10 15 20 
Cl F.aPs 
Figure 87a: Depth distributions of silica to alumina and silica to sesquioxide 
ratios in total clay of Tama soil 
Figure 87b: Depth distributions of the noncrystalline percentages of total 
oxides of Al and Fe in Tama soil 
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decrease in these ratios with depth into the Bt2 horizon. 
Below this horizon, both SiOg/AlgO^ and SiO^/ 
increase gradually into the C horizon. These distributions 
of oxides could be as a result of translocation of weathering 
products of Fe and Al. In this profile, the minimum values 
of SiOg/AlgOg attd SiO^/(Fe^O^+Al^O^) coincide with the maxi­
mum amount of clay, all occurring in the Bt2 horizon. This 
could suggest the combined movement of Al with Fe and clay 
into the subsoil. Si distribution, however, remains constant 
within the profile. 
Table 31 gives the proportions of the total oxides of 
Fe, Al, and Si that is amorphous. Of the three oxides, the 
proportion of FegO^ that is amorphous is relatively high. 
In the Al horizon, 15 percent of the total FegO^ is amorphous. 
This amorphous FegOg decreases to 9.9 percent in the CI 
horizon. The amorphous percentage of total AlgO^ has 
decreasing trend with depth (Figure 87b). SiOg, however, 
has an opposite trend. First of all, only trace amounts of 
SiOg is amorphous; and secondly, the proportion of amorphous 
SiOg increases down the profile. 
Downs series 
The dominant clay minerals in the Downs study profile, 
52MB162, are smectite, mica, and hydroxy-interlayered 
minerals (Figure 88a). Smectite increases to a maximum in 
the Btl horizon and decreases in the Bt4 horizon. However, 
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Table 31. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Tama soil 
SiOg 
Depth SiOg AI2O3+ Amorphous % of total oxide 
Horizon (cm) AI2O3 Fe^O, FezOg AI2O3 SiOg 
Al 18-34 4.20 3.26 15.27 3.78 .27 
Btl 64-82 4.04 3.14 12.04 3.54 .27 
Bt2 82-102 3.97 3.06 10.65 3.17 .30 
CI 122-146 4.05 3.07 9.96 3.09 .38 
C2 146-197 4.06 3.12 10.56 2.89 .45 
it increases in the C horizon. Hydroxy-interlayered material 
distribution with depth is quadratic with the maximum amount, 
22 percent, occurring in the Bt2 horizon. The profile minimum 
of 10 percent is in the C horizon (Figure 88a). 
The depth distribution of mica determined through x-ray-
diffraction analysis is more or less erratic. It decreases 
from 36 percent in the A horizon to 23 percent in the Bt2 
horizon. It increases to 31 percent in the Bt4 horizon and 
decreases again to 20 percent in the C horizon. Mica deter­
mined through K^O analysis also has an erratic distribution 
with depth (Figure 88b). 
Vermiculite, kaolinite, and quartz are the other minerals 
obtained in this profile. The amounts of vermiculite increase 
with depth. Kaolinite and quartz distributions display a 
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systematic decrease with depth (Figure 88a) . 
Silica to alumina (SiOg/AlgO^) ratio for this profile 
decreases from 4.22 in the A horizon to 3.83 in the Btl 
horizon. It increases from the Btl horizon to a profile 
maximum of 4.49 in the C horizon (Figure 89a). Si.02/(Fe202+ 
AlgOg) distribution with depth is similar to the SiOg/AlgO^ 
depth distribution. The minimum value of 3.00 is in the Btl 
horizon arid the maximum value of 3.32 is in the C horizon 
(Table 32). 
The proportion of total FegO^ in the clay that is 
amorphous is relatively high in the surface and decreases 
with depth to 9.3 percent in the Bt2 horizon (Figure 89b). 
However, it increases at greater depths. The amorphous por­
tion of the total AlgO^ decreases from a maximum of 3.41 
percent in the A horizon to 2.24 percent in the C horizon. 
Amorphous silica is less than 0.4 percent and does not 
exhibit much change down the profile. 
Fayette series 
The dominant clay minerals in this soil are in the 
following decreasing order of abundance: smectite > hydroxy-
interlayered 2:1 minerals > mica. The depth distribution 
of smectite is quadratic (Figure 90a). A minimum smectite 
content of 24 percent is in the E horizon and the maximum 
amount of 53 percent is in the BCl horizon. It decreases to 
47 percent in the C2 horizon. The amount of hydroxy-
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Table 32. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Downs soil 
SiOg 
Depth SiOg AI2O3+ Amorphous ? i of total oxide 
Horizon (cm) AI2O3 ^®2°3 Fe^O; AI2O3 SiOg 
A 0-13 4.22 3.28 11.73 3.41 .31 
Btl 43-61 3.83 3.00 9.52 3.30 .34 
Bt2 61-94 3.98 3.07 9.25 3.07 .31 
Bt4 107-124 4.26 3.21 12.48 2.61 .35 
C 160-203 4.49 3.32 11.85 2.24 .37 
interlayered 2:1 minerals increases from 19 percent in the E 
horizon to 28 percent in the Bt2 horizon. They decrease 
from there with depth. 
The amount of mica, as obtained through x-ray diffraction 
analysis, decreases systematically with depth. Mica content 
is 32 percent in the E horizon and it decreases to a profile 
minimum of 11 percent in the C2 horizon (Figure 90a). Mica 
obtained through analysis exhibit similar depth distribu­
tion; however, the range of mica is narrower than the x-ray 
diffraction mica, as shown in Figure 9 0b. 
Other than the large amount of kaolinite (12 percent) 
obtained in the E horizon, the distribution of this clay 
mineral does not have much variation with depth. The amounts 
of vermiculite increase with depth while the accessory 
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mineral, quartz, has a distribution that decreases with 
depth (Figure 90a). 
The ratio SiOg/AlgO^ decreases with depth as shown in 
Figure 91a. It decreases from 4.75 in the E horizon to 4.31 
in the C2 horizon. SiO^/(Al^O^+Fe^O^) has a similar depth 
distribution pattern and it ranges from 3.71 in the E horizon 
to 3.30 in the C2 horizon (Figure 91a). 
The proportion of total FegOg that is amorphous decreases 
from 20.30 percent in the E2 horizon to 10.42 percent in the 
CI horizon. In the C2 horizon, 13.11 percent of the total 
FegOg is amorphous. The depth distributions of the amorphous 
portions of the total AlgOg and SiOg are erratic as shown 
in Figure 91b, and only trace amounts of amorphous silica 
are in the soil clay (Table 33). 
Garwin series 
Smectite, the dominant clay mineral in this study pro­
file (52MB118), ranges from 33 percent in the A1 horizon to 
66.percent in the Bwl horizon. The distribution of smectite 
with depth, as shown in Figure 92a, has a slight but dis­
cernible zone of accumulation in the Bwl horizon. This soil 
has relatively large amounts of hydroxy-interlayered 2:1 
minerals at all depths. The distribution of this mineral 
shows a decreasing trend with depth. The amount of the 
hydroxy-interlayered materials: decreases from 39 percent 
in the A1 horizon to 19 percent in the C horizon. 
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Table 33. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Fayette soil 
SiOg 
Depth SiOg A1203+ Amorphous % of total oxide 
Horizon (cm) 
^^2°3 FeiO, Fe^Os AI2O3 SiOg 
E 20-30 4.75 3.71 20.30 5.03 .33 
Bt2 56-74 4.48 3.42 12.80 2.64 .30 
BCl 94-109 4.35 3.31 12.74 3.05 .31 
CI 155-168 4.46 3.32 10.42 2.69 .37 
C2 180-196 4.31 3.30 13.11 3.04 .27 
The depth distribution of mica, as determined through 
x-ray diffraction analysis, does not follow any systematic 
pattern (Figure 92a). Mica estimated through K^O analysis 
decreases from 18.8 percent in the Al horizon to a profile 
minimum of 14.9 percent in the Bwl horizon (Figure 92b). 
Mica increases systematically from there down the profile. 
The profile minimum of mica coincides with the profile 
minimum of hydroxy-interlayered mineral and the maximum 
amount of smectite. 
The distribution of kaolinite with depth is almost 
constant, except for the 5 percent which is in the Bwl 
horizon. The Al horizon has 2 percent vermiculite while the 
Cg3 horizon has 6 percent. However, no vermiculite was 
detected in the B horizon. Trace amounts of quartz, the only 
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accessory mineral, were in this pedon, and its distribution 
is fairly constant with depth (Figure 92a). 
Silica to alumina (SiOg/AlgO^) and silica to sesguioxide 
(SiO^/(Al^Og+Fe^Og)) ratios have identical depth distribution 
patterns (Figure 93a). Their distributions with depth are 
not as smooth as compared to the soils discussed previously. 
This could be due to the poorly drained nature of this soil. 
The amounts of the amorphous portions of total FegOg 
and AlgOg decrease with depth (Figure 93b). A relatively 
large amorphous FegO^ portion (11.8 percent) is in the A1 
horizon and it decreases to 3.8 percent in the Cgl horizon. 
The amorphous portion of the total AlgO^ in this profile has 
a narrow range of 3.85 percent in the A1 horizon to 2.04 
percent in the Cg3 horizon. Similar to the soils discussed 
previously, barely measurable proportions of the total SiOg 
is amorphous as indicated by the data in Table 34. 
Walford series 
The three major clay minerals in this study profile, 
52MB16 0, are smectite, hydroxy-interlayered 2:1 minerals, and 
mica. Smectite content increases from a profile low of 48 
percent in the E horizon to 58 percent in the BCgl horizon. 
The Cgl horizon has 42 percent and the amount of smectite 
increases to 59 percent in the Cg3 horizon (Figure 94a). 
Hydroxy-interlayered 2:1 mineral distribution does not fol­
low any systematic pattern with depth. 
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Table 34. Silica-sesguioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Garwin soil 
SiOg 
Depth SiOg AI2O3+ Amorphous % of total oxide 
Horizon (cm) AI2O3 Fe^O, Fe^O] AI2O3 SiOg 
Al 20-40 4.46 3.58 11.81 3.85 .19 
Bwl . 71-91 4.17 3.21 6.22 3.79 .25 
Bw2 91-112 4.29 3.30 5.68 3.35 .27 
Cgl 132-145 4.40 3.00 3.79 2.07 .45 
Cg3 183-213 3.97 2.94 5.93 2.04 .60 
The amount of mica as determined by x-ray diffraction 
analysis decreases with depth. However, mica obtained through 
analysis decreases from 20.1 percent in the E horizon to 
14.2 percent in the Btgl horizon. In the BCgl horizon, 16.5 
percent mica is estimated and it increases to 19.6 percent 
in the Cg3 horizon (Figure 94b). 
There are no discernible variations in the amounts and 
distributions of vermiculite, kaolinits, and quartz with 
depth. Clay-size quartz is not obtained in the Btgl horizon. 
SiO^/Al^O^ and SiO^/(Al^O^+Fe^O^) have identical depth 
distribution patterns (Figure 95a). SiOg/AlgO^ decreases 
from 4.36 in the Al horizon to 4.18 in the Btgl horizon. The 
ratio increases to 4.34 in the BCgl horizon (Figure 95a) . 
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SiO^/(Al^Og+Fe^Og) also decreases from 3.45 in the A1 horizon 
to 3.20 in the Cg3 horizon (Table 35). 
The proportion of the total FegOg that is amorphous is 
14.81 percent in the A1 horizon. It decreases drastically 
to 5.72 percent in the Btgl horizon from where it gradually 
decreases down the profile as shown in Figure 95b. The 
amorphous portion of the total AlgO^ in the clay fraction 
decreases with depth. It decreases from 3.52 percent in the 
A1 horizon to 1.41 percent in the Cg3 horizon. Only trace 
amounts of total SiOg are amorphous and the distribution 
shows an increase with depth (Table 35). 
Traer series 
No distinctly distinguishable peaks for smectite and 
vermiculite could be identified in the Ap2 horizon of this 
soil; no smectite or vermiculite could therefore be estimated 
in this horizon. This lack of smectite and vermiculite in 
the Ap2 horizon results in a concomitant increase in the 
amounts of the other clay minerals that were identified. 
Smectite distribution can be considered to be constant with 
depth in the Btg2, Btg4, and BCg2 horizons. In the Cg hori­
zon, however, smectite decreases to 41 percent (Figure 96a). 
The amount of hydroxy-interlayered minerals increases down 
the profile. 
With the exception of the unusually high amount of mica 
obtained in the Ap2 horizon, the distribution of mica, as 
3D-
E 
o 
X60 
H 
a 
tu 
Q 
Bloa 3 :  : T g 
— Smfflw 3 
12t -
15[-
Ap2 
9[ 
% C L A Y  M A T E R I A L  
40 GO 80 100 
mm 
.mm 
30^ 
E  
u 
120-
I5Q 
180 
16 
Ap2 
X6(tfli0a 
H 
a 
UJ 
a 
9Q •184 
BCga 
C g  
%K20 MICA 
18 20  
~T~ 
N) 
00 
/ 
Figure 96a: Clay mineral distributions selected horizons of Traer soil 
Figure 96b; Depth distribution of K„0 mica in the total clay fraction of Traer 
soil ^ 
285 
Table 35. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Walford soil 
Si02 
Depth Si02 AI2O3+ Amorphous % of total oxide 
Horizon (cm) AI2O3 Fe203 ^®2°3 AI2O3 Si02 
E 15-23 4.36 3.45 14.81 3.52 .50 
Btgl 48-68 4.18 3.23 5.72 3.05 .19 
BCgl 94-109 4.34 3.33 3.52 1.62 .25 
Cgl 124-140 4.15 3.20 2.99 1.76 .33 
Cg3 165-188 4.16 3.20 3.43 1.41 .38 
determined by x-ray diffraction analysis, increases with 
depth (Figure 96a). Mica increases from 16 percent in the 
Btg2 horizon to 21 percent in the C horizon. The distribution 
of K2O mica shows a decreasing trend with depth (Figure 96b). 
Vermiculite and kaolinite were the other clay minerals 
identified and estimated in this profile. Their amounts 
decrease with increasing depth. Trace amounts of quartz were 
in all horizons except in the Ap2 horizon where an unusually 
high amount (8 percent) was obtained (Figure 96b). 
The distribution of Si02/Al202 with depth is erratic 
as is shown in Figure 97a. Si02/(Al203+Fe20g) distribution 
with depth, however, shows a gradual decrease from 2.71 in 
the Ap2 horizon to 2.62 in the C horizon (Table 36). 
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Table 36. Silica-sesguioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
the Traer soil 
SiOg -
Depth SiOg AI2O3+ Amorphous % of total oxide 
Horizon (cm) PezO, FG2O3 AI2O3 SiOg 
Ap2 18-28 3.46 2.71 27.52 3.47 .50 
Btg2 53-69 3.17 2.50 13.86 2.16 .31 
Btg4 81-96 2.50 2.69 12.05 2.65 .44 
BCg2 117-137 3.46 2.65 16.26 2.15 .45 
Cg 137-183 3.37 2.65 16.63 2.58 .41 
The amorphous fraction of the total FegO^ is relatively 
high (27.5 percent) in the Ap2 horizon. It decreases to 12.1 
percent in the Btg4 horizon and increases to 16.63 percent 
in the Cg horizon (Figure 97b). The distribution with depth 
of the amorphous portion of total AlgO^ is more or less 
erratic. However, a larger amount near the surface of the 
soil is quite discernible (Figure 97b). As indicated in 
Table 36, amorphous SiO^ distribution does not follow any 
distinct pattern; however, a relatively high value is ob­
tained in the Ap2 horizon. 
Ladoga series 
Smectite distribution with depth in this study profile, 
52MB76, is quadratic. The E horizon contains 43 percent 
288 
smectite. Below this horizon, smectite increases to a pro­
file maximum of 51 percent in the Bt5 horizon. Smectite 
content then decreases to 47 percent in the C2 horizon. 
Hydroxy-interlayered 2:1 mineral content increases with depth 
(Figure 98a). It increases from 16 percent in the E horizon 
to 30 percent in the C2 horizon. 
The x-ray diffraction analysis-determined mica increases 
from 23 percent in the E horizon to 26 percent in the Bt2 
horizon. From this horizon, the amount of this clay mineral 
decreases down the profile (Figure 98a). The amount of mica 
determined through K^O analysis decreases down the profile 
into the Bt5 horizon from where it increases in the C 
horizon (Figure 98b). 
The profile high kaolinite content is in the E horizon. 
Below this horizon, the distribution of kaolinite is constant 
with depth. Vermiculite content is constant (5 percent) in 
the solum. The C horizon does not contain any vermiculite. 
Quartz, the only accessory mineral in this profile, shows a 
distribution that decreases with depth (Figure 98a). 
The depth distribution of SiOg/AlgOg in this profile 
shows a decrease from 3.73 in the E horizon to 3.60 in the 
Bt5 horizon. However, it increases in the C horizon. 
Si02/(Al^Og+Fe^O^) has similar depth distribution (Figure 99a). 
The amorphous portion of total FegO^ decreases from 
18.51 percent in the E horizon to 11.55 percent in tàe C2 
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horizon (Table 37). The amorphous fraction of the total 
AlgOg, however, increases to a maximum in the Bt2 horizon. 
It decreases from here to a low value of 2.00 in the C2 
horizon (Figure 99b). 
Clinton series 
Smectite is the dominant clay mineral in the study 
profile 92MB80. This is followed by hydroxy-interlayered 
2:1 minerals and then mica. Smectite content increases from 
a profile low of 37 percent in the BE horizon to a profile 
high of 47 percent in the BC horizon (Figure 100a). The 
C horizon contains 41 percent smectite. As shown in Figure 
100a, the amount of hydroxy-interlayered minerals increases 
gradually with depth. They range from 17 percent in the BE 
horizon to 25 percent in the C horizon. 
X-ray diffraction mica decreases down the profile. 
Figure 100b shows the distribution of K_0 mica with depth. 
The mica content of the BE horizon is 21.4 percent and it 
decreases to 18.3 percent in the Bt2 horizon. Below this 
horizon, the amount of mica increases gradually with depth 
(Figure 100b). 
Other than the relatively high amount in the BE horizon, 
kaolinite distribution is almost constant with depth. The 
BE, Bt2, and Bt3 horizons contain 5 percent vermiculite and 
there is an increase in the amount of this clay mineral to 
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Table 37. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Ladoga soil 
SIOG 
Depth SIOG AI2O3+ Amorphous % of total oxide 
Horizon (cm) to O
 
w
 fSzOs FEZOS AI2O3 Si02 
E 13-25 3.73 2.92 18.51 2.90 .42 
Bt2 56-66 3.42 2.61 15.45 3.01 .43 
Bt5 102-114 3.60 2.74 14.41 2.91 .41 
CI 150-165 3.64 2.75 11.65 2.13 .56 
C2 190-213 3.53 2.61 9.2 2.00 .60 
9 percent in the BC and C horizons. The amount of quartz in 
this profile is constant (1 percent). 
SiOg/AlgO^ distribution with depth is shown in Figure 
101a. This ratio decreases slightly from 3.57 in the BE 
horizon to 3.52 in the Bt2 horizon. It increases gradually 
to 3.69 in the C horizon. The depth distribution of SiOg/ 
(Al^Og+Fe^O^) is similar to Si02/Al202. This ratio decreases 
to a minimum value in the Bt2 horizon from where the ratio 
becomes almost constant with depth (Table 38). 
The BE horizon has 9.91 percent of the total Fe^O^ that 
is amorphous and this amount increases to 11.63 percent in 
the Bt2 horizon (Figure 101b). It decreases to 9.28 percent 
in the C horizon. The amorphous portion of the total AlgO^ 
in the profile decreases gradually with depth (Table 38). 
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Table 38. Silica-sesguioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Clinton soil 
SiOg 
Depth SiOz AI2O3+ Amorphous % of total oxide 
Horizon (cm) AI2O3 Fe^O, Fe^O; AI2O3 SiOg 
BE 20-36 3.57 2.80 9.91 3.64 .52 
Bt2 61-74 3.52 2.73 11.18 2.99 .51 
Bt3 89-102 3.57 2.75 11.63 2.93 .53 
BC 147-160 3.65 2.76 10.15 2.68 .65 
C 190-206 3.69 2.76 9.28 2.22 .63 
Grundy series 
The dominant clay minerals, like the profiles discussed 
previously, are smectite, mica, and hydroxy-interlayered 2:1 
minerals. Smectite content increases from a profile low of 
37 percent in the Ap horizon to a profile maximum of 59 per­
cent in the C2 horizon. The amount of smectite decreases to 
52 percent in the C3 horizon {Figure 102a). Considerable 
amounts of hydroxy-interlayered 2:1 minerals are in this 
soil. Its amount is constant with depth into the BC horizon; 
it decreases to 13 percent in the C2 and C3 horizons. 
The distribution of mica obtained through x-ray diffrac­
tion analysis shows a very gradual decrease down the profile. 
Mica content ranges from 24 percent in the Ap horizon to 1,8 
percent in the C3 horizon. K^O mica has a different depth 
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distribution pattern (Figure 102b). The Ap horizon contains 
21.6 percent mica and the amount of this clay mineral de­
creases to 17.3 percent in the BC horizon. A low amount of 
11.7 percent is in the C3 horizon. 
The amount of kaolinite decreases from 7 percent in the 
Ap horizon to 2 percent in the C2 horizon, but it increases 
back to 8 percent in the C3 horizon. The distribution of 
vermiculite is constant with depth (Figure 102a). Quartz 
and kaolinite have similar depth distribution patterns. The 
C3 horizon has 3 percent clay-size quartz. 
The distributions of SiOg/AlgO^ and SiO^/(AlgO^+FegO^) 
with depth in this profile are quite different from all the 
previously discussed profiles (Figure 103a). Si02/Al2^3 
increases from 3.49 in the Ap horizon to a maximum of 3.73 
in the Btl horizon. It then decreases to 2.96 in the C3 
horizon. The maximum ratio of SiO^/(Fe^O^+Al^O^) is 2.81, 
and it also occurs in the Btl horizon. It decreases to 2.35 
in the C3 horizon. 
Of the total FegOg in the Ap horizon, 17.52 percent is 
ammonium oxalate soluble (Figure 103b). This amorphous per­
centage of FegOg decreases to 8.75 percent in the Btl horizon 
and decreases further to 4.66 percent in the C3 horizon. 
The amorphous portion of the total AlgO^ decreases from 3.97 
in the Ap horizon to 1.50 in the C3 horizon. The depth 
distribution of the amorphous portion of the total SiOg is 
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erratic and only small amounts of amorphous SiOg are in this 
soil (Table 39). 
Pershing series 
A very low smectite content (8 percent) was obtained in 
the El horizon of this soil. However, the amount of smectite 
increases sharply with depth to 72 percent in the Bt3 horizon 
and decreases to 66 percent in the BCg horizon (Figure 104a)• 
The profile mean smectite content is 50 percent. Relatively 
low amounts of hydroxy-interlayered 2:1 minerals are in this 
soil. A profile high of 26 percent was obtained in the El 
horizon and a low amount of 3 percent is in the BCg horizon 
(Figure 104a). 
The amount of mica in the El horizon, as estimated 
through x-ray diffraction analysis, is 31 percent. It then 
decreases gradually with depth. Mica obtained through KgO 
analysis decreases from 23.2 percent in the El horizon to 
16.6 percent in the Bt2 horizon. It increases from there to 
18.4 percent in the BCg horizon (Figure 104b). 
Kaolinite content decreases with depth, ranging from 
14 percent in the El horizon to 2 percent in the BCg horizon. 
Significant amounts of vermiculite are in this profile. 
However, its depth distribution is quite erratic. The profile 
average for this mineral is 7 percent. Quartz and lepido-
crocite were the accessory minerals present in this soil. 
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Table 39. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Grundy soil 
SiOg 
Depth Si02 AI2O3+ Amorphous % of total oxide 
Horizon (cm) AI2O3 Fe^O, F^2°3 *^2°3 SiOg 
Ap 0-18 3.49 2.76 17.52 3.97 .34 
Btl 36-48 3.73 2.81 8.75 3.91 .26 
BC 91-107 3.56 2.73 6.39 3.14 .32 
C2 152-183 3.47 2.62 7.96 1.89 .44 
C3 220-240 2.96 2.35 4.66 1.50 .38 
Quartz content decreases with depth, but no quantitative 
estimates were made of lepidocrocite. 
SiOg/AlgOg decreases from 4.30 in the El horizon to a 
minimum of 3.81 in the Bt3 horizon. It increases again to 
4.19 in the BCg horizon (Figure 105a). SiO^/ 
has the same decreasing trend down the profile to a minimum 
ratio of 2.92 in the Bt3 horizon, below which it increases 
to 3.12 in the BCg horizon (Figure 105a). 
As shown in Figure 105b and Table 40, as much as 20.7 
percent of the total FegOg in the El horizon is amorphous. 
A drastic drop to 11.78 percent in the BE horizon was observed 
and it decreases gradually with depth. The depth distribution 
of^the amorphous portion of total AlgO^ is not smooth. 
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Table 40. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Pershing soil 
SiO; 
Depth SiOg AI2O3+ Amorphous % of total oxide 
Horizon (cm) AI2O3 Fe^O, ^®2°3 ^^2°3 SiOg 
El 20-28 4.30 3.41 20.70 3.60 .34 
BE 28-38 4.09 3.14 11.78 2.93 .33 
Bt2 69-91 3.90 3.00 11.89 3.21 .38 
Bt3 91-109 3.81 2.92 10.93 2.61 .42 
BCg 135-155 4.19 3.12 10.70 2.26 .48 
However , a general decrease with depth .is discernible. The 
portion of the amorphous SiOg increases with depth. 
Weller series 
Smectite is the dominant clay mineral in pedon P909 9 
the study profile for the Weller series. The next most 
abundant clay mineral is mica and then hydroxy-interlayered 
2:1 minerals (Figure 106a). The amount of smectite increases 
from a low of 20 percent in the El horizon to a profile 
maximum of 68 percent in the Bt2 horizon. Smectite decreases 
to 62 percent in the Cg horizon. The depth distribution of 
hydroxy-interlayered 2:1 minerals shows a decreasing trend 
with depth. They decrease from 13 percent in the El horizon 
to 5 percent in the C horizon (Figure 106a) . 
% C L A Y  M A T E R I A L  
20 40 60 80 100 
E l  
E  
o 
%G» 
f-
a. 
m 
a 
fld-
Bf2 m It'iVVaTi* ta 2 j 
Bia2 
m-
m 
I 5 t -
Cg 
180 
M % 1 
• 
•, • 
E  
o 
ISCT" 
a 
(U 
Q 
9 1  
120-
150 
180 
%K20 MICA 
^ 14 1.6 18 20 
E l  
B E  
Bt2 
Bt82 
Co 
V 
A" 
\ 
\ 
A 
\ 
Figure 106a; Clay mineral distributions in selected horizons of Waller soils 
Figure 106b: Depth distribution of K_0 mica in the total clay fraction of 
Weller soil 
305 
The depth distributions of mica determined through both 
x-ray diffraction analysis and analysis are similar 
(Figures 106a and b). Mica decreases from the El horizon 
into the Bt2 horizon from where it increases with depth into 
the C horizon. The range of mica determined through x-ray 
diffraction analysis decreases from 31 percent in the El 
horizon to 16 percent in the Bt2 horizon. K^O mica ranges 
from 20.3 percent in the El to 15.5 percent in the Bt2 
horizon. 
Kaolinite has a decreasing trend with depth. It ranges 
from 15 percent in the El horizon to 2 percent in the C 
horizon. Vermiculite content decreases from 14 percent in 
the El horizon to 4 percent in the Bt2 horizon and increases 
to 9 percent in the C horizon. Quartz content decreases 
with depth (Figure 106a). 
A constant 4.14 SiOg/AlgOg value is in the El and BE 
horizons. It decreases to 4.02 in the Bt2 horizon and 
increases with depth to 4.64 in the C horizon. SiO^/(AI2O2+ 
^^2*^3' ^ similar depth distribution pattern (Figure 107a) , 
In this profile, a relatively large proportion of the 
total FegOg and AlgO^ is amorphous. The amorphous portions 
have a systematic decrease with depth (Figure 107b). However, 
the amorphous portion of the total SiOg decreases with depth 
into the Btg2 horizon but increases in the Cg horizon (Table 
41) . 
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Table 41. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Weller soil 
SiOg 
Depth SiOg A1203+ Amorphous % of total oxide 
Horizon (cm) AI2O3 Fe^O, Fe^O, AI2O3 SiOg 
El 10-18 4.14 3.22 21.77 5.58 .28 
BE 48-58 4.14 3.16 16.09 3.61 .26 
Bt2 71-84 4.02 3.02 11.49 3.50 .25 
Btg2 97-119 4.33 3.26 10.05 2.66 .23 
eg 145-175 4.64 3.38 9.99 1.91 .35 
Kniffin series 
The dominant clay minerals in the order of decreasing 
abundance in the solum is: smectite > mica > hydroxy-
interlayered 2:1 minerals. Smectite content increases from 
49 percent in the E horizon to 58 percent in the BCg4 horizon. 
There is a subsequent drop in smectite content in the C 
horizon (Figure 108a). The distribution of hydroxy-
interlayered 2:1 minerals with depth does not follow any 
systematic pattern. However, there is an unusually large 
amount of this mineral (28 percent) in the C horizon. 
The amount of x-ray diffraction mica in this profile 
decreases from 21 percent in the E horizon to 17 percent 
in the Btl horizon. There is an increase in the amount of 
mica in the ECgl and BCg2 horizons. However, it drops off 
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drastically to 14 percent in the C horizon. The distribution 
of K^O mica (Figure 108b) is similar to x-ray diffraction 
mica. 
Kaolinite and quartz have identical distributions with 
depth (Figure 108a). They decrease in amounts with depth 
down to the BCg4 horizon, but relatively large amounts of 
these minerals are in the C horizon. Vermiculite content 
increases from 3 percent in the E horizon to 8 percent in 
the BCgl horizon, below which a constant value of 5 percent 
was obtained in the BCg4 and Cg horizons. Lepidocrocite 
was detected in the B horizon. 
The distributions of Si02/Al203 and SiO^/(AlgO^+FegO^) 
with depth do not follow any systematic patterns (Figure 109a). 
The profile low values of these ratios are in the C horizon. 
The distribution with depth of the amorphous portion 
of Fe^O^ in this pedon is erratic. A minimum value of 7.10 
percent is in the Btl horizon, while the maximum amount of 
17.87 percent occurs in the BCg4 horizon. The amorphous 
portion of total AlgOg increases toward the surface of the 
soil (Figure 109b) and SiOg had a reverse relationship to Al. 
However, the amorphous portion of the total SiOg decreased 
in the C horizon (Table 42). 
Rathbun series 
No distinct smectite peaks were obtained in the x-ray 
diffractogram of the El horizon and consequently no 
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Table 42. Silica-sesquioxide ratios and the amorphous per­
centage of the total oxides of Fe, Al, and Si in 
Kniffin soil 
SiOg 
Depth SiOg A1203+ Amorphous % of total oxide 
Horizon (cm) AI2O3 FezO, Fe^O, Al^O, SiOg 
E 15-23 3.85 3.03 11.10 4.72 .16 
Btl 36-46 3.71 2.86 7.10 3.58 .21 
BCgl 71-89 4.12 3.15 11.81 2.69 .41 
BCg4 114-132 4.05 3.07 17.87 2.38 .52 
Cg 160-180 3.60 2.75 11.96 2.26 .44 
quantitative estimation of smectite could be made. The BE 
and BCl horizons contain 64 percent smectite each, and 49 
percent smectite is in the Bt2 horizon (Figure 110a). The 
distribution of hydroxy-interlayered 2:1 minerals is highly 
erratic. The El and Bt2 horizons have 20 percent each of 
hydroxy-interlayered materials and the BE and BCl horizons 
each contain S percent of this mineral. X-ray diffraction-
estimated mica decreases from a profile high of 30 percent 
in the El horizon to 17 percent in the BE horizon, below 
which it increases down the profile. 
K^O mica has identical depth distributional pattern to 
the x-ray diffraction mica; it ranges from 19.8 percent in 
the El horizon to 16.1 percent in the BE horizon. There is 
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an increase in the amount of mica with depth below the BE 
horizon (Figure 110b). 
High amounts of kaolinite, vermiculite, and quartz are 
in the El horizon. They, however, decrease down the profile. 
Kaolinite ranges from 2 to 17 percent and vermiculite has 
a range of 5 to 26 percent. Lepidocrocite was identified 
in the B horizon. 
The Si02/Al2^3 ^^tio decreases from 4.55 in the El 
horizon to 3.40 in the Bt2 horizon and increases to 4.15 in 
the BCl horizon (Figure 111a). SiO^/(Al^O^+Fe^O^) has a 
similar depth distribution trend. 
In the El horizon, 20.07 percent of the total Fe^O^ is 
in the amorphous form. This amorphous proportion becomes 
almost constant (8 percent) with increasing depth (Figure 
111b). The amorphous portion of AlgO^ decreases systemati­
cally down the profile (Table 43). 
Summary of clay mineralogy 
From the above discussion, it can be seen that although 
slight differences exist in the predominant clay minerals 
when comparing profiles, these profiles do contain basically 
the same clay minerals in slightly different proportions. 
Within each profile, the proportions of some of the clay 
minerals in the different horizons are only slightly différé 
while others are remarkably constant. These observations 
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Table 43. Silica-sesquioxide ratios and the amorphous per­
centages of the total oxides of Fe, Al, and Si in 
Rathbun soils 
SiOg 
Horizon 
Depth SiOg A-2°3^ 
(cm) AI2O3 FezO, Fe^O; AI2O3 SiOg 
10-18 4.55 3.46 20.07 3.91 .25 
33-43 3.95 3.06 7.93 3.07 .45 
64-79 3.40 2.62 7.94 2.50 .27 
91-112 4.15 3.07 8.03 1.96 .32 
El 
BE 
Bt2 
BCl 
can be construed to be an indication of very little effect 
of weathering on the clay mineral suites found in the soils. 
The major clay mineral suites in these profiles are 
smectites, mica, and smectite and vermiculite minerals which 
are interlayered with hydroxy-Al and/or -Fe polymers. The 
dominant clay mineral in all the profiles studied is smectite. 
Smectite in these soils could have come from one of two 
sources: (1) as a major clay mineral component in the loess 
deposit, or (2) as a weathering product of mica, through 
depotassification, dealumination of tetrahedral sheets, and 
silication of the tetrahedral sheet. A general scheme for 
this weathering sequence can be illustrated as 
Micas -K+ hydrated exchangeable cations ^ expansible 2:1 
minerals. Specifically, phlogopite mica weathers to saponite, 
a trioctahedral smectite as follows: 
316 
(SigAl) (Mg^) (OH) 2% + O-SSi"^"^ + OUlSCa^* -» 
Phlogopite mica 
(SIs^sAIq^s) (Mgs) O^Q . 25 % 
Saponite 
Smectite in these soils presented two basic depth dis­
tribution patterns. In the majority of the profiles studied, 
smectite content increases from the surface of the soil to 
a maximum in the B horizon, from where the amounts decrease 
with depth. In the other group, the distribution of smec­
tite with depth is erratic. In both of these depth distribu­
tional patterns, however, one thing is apparent. There is 
a definite zone of smectite depletion in the A and upper B 
horizons, through eluviation, and a zone of accumulation in 
the lower B and C horizons due to illuviation. 
No distinctly identifiable 17°-18A° smectite peaks 
could be found in the A horizons of three of the pedons 
studied. These are Rathbun (P90S) , Traer {SCS164), and 
Tama (52MB120). This could be attributable to one of these 
causes; (1) poor crystallinity of the clay minerals, 
especially in the presence of organic matter, (2) decreased 
particle size, and (3) the effect of preferential eluviation 
of smectite from the top of the profile. 
From this study, a relationship was found between the 
amount of smectite and the natural drainage of the soil. 
The amount of smectite increases from well-drained to poorly 
drained soils. It has been found that smectite formation 
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is favored under environments with high Si and basic cation 
potential. Impeded drainage is associated with less 
weathering. Under these conditions, there is a large contact 
time between soil solution and unstable soil minerals. This 
results in higher H^SiO^ activities which is pertinent for 
the stability of smectite. The H^SiO^ activity decreases 
from poorly drained to well-drained soils with a resultant 
higher amount of smectite in the former as compared to the 
latter. 
Hydroxy-interlayered smectite and vermiculite are impor­
tant clay mineral components in all horizons of the profiles 
included in this study. However, the importance of this min­
eral has not been given much attention in Iowa soils. These 
hydroxy-interlayered 2:1 minerals may result from the degra­
dation of chlorite or deposition of hydroxy materials within 
the interlayer spaces of expansible layer silicates, espe­
cially smectite and vermiculite (Barnhisel, 1977). Since 
chlorite was not identified in any of the soils studied, 
the most logical explanation for the occurrence of hydroxy-
interlayered 2:1 minerals could therefore by the interlayering 
of hydroxyl-Al and/or Fe polymers in the 2:1 minerals. 
Hydroxy-interlayered clay minerals are so variable that 
not a single structural chemical composition has been pro­
posed (Barnhisel, 1977). However, Hsu and Rich (1960) pro­
posed that the interlayer material consists of a six-membered 
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ring structure, Alg (OH)^^ which becomes "fixed" in the 
interlayer positions of 2:1 layer minerals. They referred 
to this structure as nonexchangeable Al. The optimum condi­
tions for the formation of these hydroxy-interlayered 
materials, as summarized by Rich (1968), include: moder­
ately active weathering to furnish Al ions, moderate pH 
(about 5.0), low organic matter content, and frequent wetting 
and drying of the soil. 
In eight of the pedons studied, interlayering of expan­
sible 2:1 clay minerals is greatest in the surface horizon 
and then decreases with depth. In the remaining pedons, 
there seems to be no systematic relationship between depth 
and the amounts of hydroxy-interlayered 2:1 minerals. In 
all pedons studied, however, there is the coincidence of 
the maximum amounts of smectite and minimum amount of 
hydroxy-interlayered 2:1 minerals and vice versa. This 
suggests the possible weathering of smectite to hydroxy-
interlayered 2:1 minerals in these soils. 
Mica constitutes an important clay mineral fraction at 
all depths in all the profiles studied. Mica in these soils 
may have been carried in the wind during loess deposition. 
The amount of mica in these soils was determined through 
both K2O and x-ray diffraction analyses. Generally, there 
is a good correlation between the amounts of mica estimated 
through both analyses, except in the A and E horizons where 
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relatively higher mica values were obtained through x-ray 
diffraction analyses. The correlation between the mica 
values obtained through both methods has an r-value of 0.59 
when all horizons are used and an r-value of 0.62 when all 
A and E horizons mica are deleted; both are highly significant. 
This extreme disparity between these two mica values 
could be due to errors inherent in the semi-quantitative 
determination of clay minerals. This error is a consequence 
of weathering. In the surface horizons where weathering 
is relatively intensive, broad and diffuse x-ray diffraction 
peaks are obtained in the 17° to 18A° region (Figures 69 and 
70) due to poor crystallinity. According to Willman et al. 
(19.66) this could also be due to the presence of 2:1 layer 
heterogenous swelling material. These materials have low 
intensities, which result in the apparent underestimation 
of the expandable clay minerals, with a resultant enhance­
ment in the percentages of the other clay minerals. 
The distribution of mica with depth show two basic 
patterns. In nine of the study profiles, including Downs 
(52MB162), Garwin (52MB118), Walford (52MB160), Otley 
(52MB281), Ladoga (52MB76), Clinton (92MB80), Pershing 
(P911), Weller (P909), and Rathbun (P906), the amount of 
mica decreases from a high amount in the A or E horizon to 
a minimum in the B horizon and then increases again down 
the profile. According to Fanning and Keramidas (1977), the 
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mica content of the clay fractions of soils which developed 
in nearly uniform material, like loess, often increases with 
depth. The deviation of the distribution pattern of mica 
in these nine pedons from this model could be due to several 
causes. The relatively high amounts of mica obtained in the 
A and E horizons, as determined through analysis, could 
be due to the high K content of these horizons which results 
from fertilization. The presence of 2:1 layer heterogenous 
swelling material in these surface horizons as discussed 
above can account for the high x-ray diffraction-estimated 
mica. The minimum amount of mica in the B horizon could 
only be due to dilution by smectite eluviated from the A 
horizon. 
In the other four pedons made up of Tama (52MB120), 
Fayette (52MB163), Traer (SCS164), and Grundy (P916) , the 
mica content is higher in the solum than in the C horizon. 
This is also an exception to the theoretical decreasing 
trend in mica with depth as proposed by Panning and Keramidas 
(1977). Similar results were reported by Niederbudde (1976) . 
The probable explanation for this kind of mica distribution 
with depth could be due to K uptake by smectite during soil 
formation. 
Kaolinite is one of the most widespread clay minerals 
in soils, and it occurs in a wide range of environments. 
This clay mineral can occur as a product of acid weathering 
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or could have been transported during deposition. According 
to Boul et al. (1973) and Birkeland (1974), kaolinite forms 
under conditions of high hydronium concentration, approxi­
mately equal concentrations of Si and Al, with an absence 
of Mg or other basic cations. These conditions pertain under 
situations of high rainfall and good drainage. 
Significant amounts of kaolinite occur in these soils 
studied, and the amounts also show two main depth distribu­
tion patterns. In one group of soils including the poorly 
drained soils, Garwin (52MB118) and Walford (52MB160), in 
addition to the moderately well-drained soils, Ladoga (52MB76) 
and Clinton (92MB80), the content of kaolinite shows only 
slight, if any, variation with depth. This indicates that 
kaolinite is probably inherited and not formed to any great 
extent by weathering within the profile. 
The amount of kaolinite in the remaining pedons 
increases near the surface of the soil. This could be evi­
dence of the possibility of kaolinite being an alteration 
product of other clay minerals. The sequence of clay mineral 
weathering is 
Mica Vermiculite ^  Smectite Heterogenous swelling 
This transformation is only possible through the input of 
energy in several forms. In most situations, the source 
of this energy is the atmosphere. The upper layers of the 
18A° intergrade 
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profile, therefore, receives more energy. The degree of 
the subsequent alteration of mica to kaolinite is, therefore, 
more intensive in the upper layers of the soil and then 
decreases with depth. 
Vermiculite is also a widely distributed clay mineral. 
It is an alteration product of muscovite (dioctahedral 
vermiculite) or biotite (trioctahedral vermiculite). The 
weathering of mica to vermiculite is favored by a strong 
leaching environment which removes solution potassium, a 
process that is pertinent for this transformation. It would, 
therefore, be expected based on the above process that the 
intensity of vermiculite formation will decrease deeper in 
the profile and also decrease drastically in gleyed soils. 
In this study, the distribution of vermiculite with depth 
does not follow any systematic pattern and no definite 
relationship could be established between the natural drainage 
of the soil and the amount of vermiculite. 
The weathering of these soils does not reflect, to any 
great extent, structural alteration of the clay minerals. 
The possible processes could have been (1) the eluviation 
of clay minerals, especially smectite, (2) the possible for­
mation of 2:1 hydroxy-interlayered materials from vermiculite 
and smectite, and (3) the breakdown of certain mica minerals 
into other minerals like kaolinite and vermiculite. 
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Jackson (1975) hypothesized that silica to alumina 
(SiO^/Al^Og) and silica to sesquioxide (Si02/(Al202+Fe202)) 
molar ratios can be used as indicators of the degree and 
course of chemical weathering. According to Jenny (1941), 
these molar ratios afford a means of detecting relative 
translocations of elements. In all the profiles studied, 
the depth distribution of both silica to alumina and silica 
to sesquioxide molar ratios follow similar trends. They 
decrease gradually down the profile to a minimum in the B 
horizon. Below this horizon, they increase down into the C 
horizon. The minimum ratios generally coincide with the 
maximum amount of smectite and both occur at the depth of 
maximum clay. This can be evidence of translocation and 
deposition of Fe and Al weathering products as opposed to 
the in situ weathering of minerals to release these oxides 
and hydroxides. Fe and Al weathering products are trans­
located from the A and the upper part of the B horizons and 
deposited in the middle or the lower part of the B horizon. 
The portion of total Fe, Al, and Si oxides that is 
amorphous or noncrystalline show similar depth distribution 
patterns in all the pedons studied. Of the three elements, 
a relatively large portion of Fe oxides is amorphous. This 
seems to support findings by McKeague et al. (1971) and 
Schwertmann (1964) that acid oxalate has a significant 
advantage over other commonly used extractants because it 
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has a specificity for amorphous (active) iron oxides. A 
considerable amount of A1 oxides in these soils is also 
noncrystalline. Like Fe, the amorphous portion of Al oxides 
decreases consistently down the profile, an indication that 
amorphous material could have originated at the surface of 
the soil. This can be a valid assumption since the soil is 
a dynamic system and absorbs much energy in its upper layers. 
There is bound to be an increase in the entropy of the system 
with the consequent increase in the disorder in the minerals 
present towards the surface. The soil thus behaves as a 
normal physicochemical system. Unlike amorphous Al and Fe 
oxides, only trace amounts of the total SiOg in these soils 
is amorphous. Also, this amorphous SiOg portion shows an 
increasing trend with depth. 
Transmission Electron Microscopy 
Soils are made up of particles which range in size from 
those which measure in fractions of a micron to those which 
are readily visible to the naked eye. The <2 ym fraction 
of soils, often referred to as clays, occurs in too finely 
divided state that their satisfactory observation with power­
ful microscopes tends to be difficult. It is also not very 
expedient to study this fine fraction with single-crystal 
x-ray technique. 
With the invention of electron optical instruments, 
higher and higher resolutions are being obtained and this 
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has been employed in the investigation of the morphologies 
and crystal structures of clays. In this part of the report, 
the results obtained through the use of transmission electron 
microscopy will be discussed. The main objective of using 
this technique was to obtain a visual appraisal of the 
crystalline clay and amorphous minerals as they occur in 
the soils studied. This study was also used to further docu­
ment the presence of the clay minerals that were identified 
through x-ray diffraction analysis. 
Three horizons each from Tama and Rathbun soils were 
used in this study. The choice of these soils was based on 
the model of soil development as presented by Jenny (1941) 
and adapted by Richardson (1974) . These two soils represent 
the extremes of development of soils studied, with Tama 
representing the least-developed and Rathbun the most 
developed. 
In the electron microscopical study of soil structure, 
it should be realized that many features seen are built up 
from clay particles. The mineral composition of particles, 
conditions, and environments under which these minerals 
formed most often dictate the kinds and properties of clay 
minerals. It is, therefore, very expedient to examine the 
individual particles which can be obtained through a form 
of dispersion. The methods of dispersion and, making of micro­
graphs are given in Chapter 2 of this report. 
326 
Particle size 
One very distinctive feature observed through the use 
of the transmission electron microscope is the variability 
in sizes and shapes of clay and accessory minerals as they 
occur in different soil horizons. Figure 112a is an elec­
tron micrograph of particles found in the A horizon of Tama 
soil while Figure 112b shows particles as they occur in the 
B horizon of the same soil. Figures 113a and 113b are also 
micrographs of particles from A and B horizons, respectively, 
of Rathbun soil. It can be observed that there is a remark­
able difference in the sizes of particles as they occur in 
these two horizons. In the A horizon, particles are larger 
in contrast to those that occur in the B horizon. There 
seems to be a remarkable increase in the amounts of fine 
clays in the B horizon. Two processes could be responsible 
for this kind of clay particle distribution in soils: illuvi-
ation and in situ weathering of large particles into small 
ones. Using microscopic methods. Walker and Hutka (1977) 
observed that in the development of textural B horizons 
there tends to be an associated increase in the amounts of 
fine clay through illuviation. They also claimed that during 
the course of weathering in these soils, there is a breakdown 
of silt-size grains to fine clay sizes which involves little 
or no change in the amounts of coarse clay. Ruhe et al. 
(1967) also observed an apparent increase in the amount of 
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Figure 112. Transmission electron micrograph of <2 ym clay 
from Tama soil (frame length = 3.5 ym) 
a: A horizon 
b: B horizon 
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Figure 113. Transmission electron micrograph of <2 ym clay 
from Rathbun soil (frame length =7.0 ym) 
a: A horizon 
b: B horizon 
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fine clay in the B horizon; however, they did not observe 
any associated change in the cation exchange capacity or any 
change in mineralogy. To fully investigate this distribu­
tional pattern of these clay mineral sizes in the different 
horizons, further fractionation of the <2 ym clays will be 
helpful. 
In addition to sizes of particles, there is also a 
prominent variability in the shapes of particles in the A 
and B horizons. As illustrated in Figures 112a and 113a, 
particles in the A horizon tend to be singular with almost 
rounded edges. In the B horizon, however (Figures 112b and 
113b), particles are bunched together forming globular masses. 
There also occurs in the B horizon a different assortment 
of particle shapes, the most prominent being the lath-like 
shapes. This property associated with the different horizons 
is irrespective of the developmental stage of the soil. 
Mineral identification 
Using x-ray diffraction analysis discussed earlier in 
this report, the following discrete clay and accessory 
minerals were identified in the <2 ym fraction of these 
soils: smectite, mica, kaolinite, vermiculite, quartz, and 
lepidocrocite. Micrographs were critically examined to 
obtain confirmatory evidence for the presence of these 
minerals in the soils. Identification of these minerals 
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from the micrographs was based on properties such as shape 
of mineral, cleavage angles, degree of stacking of individual 
crystals, and any other specific property associated with 
each particular mineral. The micrographs were also compared 
to a comprehensive collection of micrographs compiled by 
Beutelspacher and van der Marel (1968). Other reference 
sources include Gard (1971) and Smart and Tovey (1981). 
Kaolinite 
The arrow in Figure 114 shows a kaolinite particle 
as it occurs in the A horizon of Tama soil. The identifica­
tion of this clay mineral is based on the presence of the one 
or more 120° angles on the edges of those two particles. 
These particles also exhibit some degree of uniformity in 
thickness. As these particles show, kaolinite breaks as tri-
clinic particles along (001) cleavage planes with pseudo-
hexagonal borders whose directions point to the occurrence 
of the well-pronounced (010) and (110) planes. The hexagonal 
outlines give an indication of well-ordered stacking of 
successive layers in the direction of the C-axis. 
Kaolinites are considered to have large particle 
diameters; however, in this micrograph, the particles are 
rather small in size. This observation is not unusual 
because, according to Gard (1971), the range in size of 
kaolinite exceeds that of any other dioctahedral clay mineral. 
The particle size and thickness of kaolinite vary with the 
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mode of formation and also with the type of deposit. Neo-
formed kaolinites in soils tend to have smaller particle than 
those that occur in clay deposits. It is therefore not 
surprising to obtain these small kaolinite particles in the 
soil clay. 
Smectite 
Based on x-ray diffraction analysis, smectite dominates 
the <2 ym fraction of all soils studied. In transmission 
electron microscopy, however, this clay mineral has the 
tendency to be nonphotogenic, especially if the method of 
deposition from a drop of suspensions, as used in this study, 
is employed. During the evaporation of deposited suspen­
sion, two things are possible. First of all, during the 
drying process, the likelihood of the substrate exercising 
a repulsive force is quite high. This results in the 
individual particles forming a mass. Secondly, there can 
also be an attractive force which causes a statistical dis­
tribution of isolated elements, a factor that can also lead 
to the agglomeration of particles. 
In Figure 115, the arrowed particles are being identi­
fied as smectites based on their loose membraneous aggre­
gated nature. These minerals seem to lack any definite shape 
due to the factors discussed above. The particles seem to 
be curled, a property that is characteristic of smectites. 
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Figure 114. Transmission electron micrograph of <2 ym clay 
in A horizon of Tama soil showing kaolinite 
particles (frame length = 3.5 ym) 
f 
Figure 115. Transmission electron micrograph of <2 ym clay 
in B horizon of Rathbun soil showing smectite 
particles (frame length = 7.0 ym) 
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A better way to isolate and study the smectite minerals in 
these soils will be to use special preparation techniques 
such as platinum shadowing or to use the scanning electron 
microscope. 
Mica 
Muscovite, a dioctahedral mica, was the only mica 
mineral that could be positively identified in the soils 
studied. The large flake (Figure 116) occurred in the C 
horizon of the Rathbun soil. It is platy in nature and it 
shows pronounced cleavages. 
The amount of information on the weathering and trans­
formation of mica to other clay mineral's is rather immense. 
Both physical and chemical factors are involved in this 
transformation. During weathering, micas become reduced to 
very flat plates which eventually become bent. In this 
bent state, the mica mineral causes the Bragg condition, 
with respect to the incident beam, to be different for dif­
ferent parts of the crystal even though the thickness of the 
crystal is uniform. This phenomenon causes the intensity of 
transmitted beam to vary from one place to the other depend­
ing upon whether diffraction takes place or not, which leads 
to contrasts in the image. This results in the production 
of alternating dark and bright fringes on the crystal. Gard 
(1971) refers to these fringes generally as extinction con­
tours; however, some authors prefer to restrict this term to 
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Figure 116. Transmission electron micrograph of a rauscovite 
flake (frame length =7.0 ym) 
335 
equal thickness fringes. In the micrograph (Figure 116), the 
muscovite flake exhibits these extinction contours, evidence 
that the crystal is being weathered. Another effect of 
weathering and transformation of the muscovite flake is the 
appearance of dark pits in between the wide extinction con­
tours at the top of the flake. 
Oxides of iron 
The oxides, hydroxides, and hydrous oxides of iron are, 
in addition to silica, the most common accessory minerals 
in soil clays. Iron oxides, even at low concentrations, are 
responsible for the yellow, brown, and red tints associated 
with many clays. Their distribution in soil is an essential 
parameter in explaining soil genesis and it is also an 
important criterion for naming and classifying soils. 
Generally, oxides of iron have high specific surface 
areas and this increases their efficiency to absorb anions 
including phosphate, molybdate, and silicate. Other elements 
such as Cu, Pb, V, Zn, Co, Cr, and Ni also become absorbed 
and this affects plant growth since these elements are essen­
tial plant nutrients (Schwertmann and Taylor, 1977) . In 
addition to these properties, iron oxides also affect soil 
structure and fabric by acting as cementation agents of the 
major soil components. This can lead to the formation of 
granules, nodules, pipestems, plinthites, orsteins, or bog 
iron ores. 
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Several methods including x-ray diffraction analysis, 
differential thermal analysis (DTA), infrared, and recently, 
Mossbauer spectroscopy (Gangan et al., 1972) have been 
employed in the detection of these oxides. Not much, how­
ever, has been reported on the status of iron oxides in Iowa 
soils through the use of x-ray diffraction analysis. The 
reason could be one of several factors. First of all, these 
oxides are in such low concentrations that they are below 
the detection limits of x-ray diffraction analysis. Secondly, 
some of these oxides have low degree of order to diffract 
x-rays. Thirdly, most of the x-ray diffraction work has been 
done using copper radiation. This is a high energy radia­
tion which causes a high fluorescence background making the 
detection of ferruginous materials impossible. 
In this study, three different kinds of iron oxides 
were detected in both Tama and Rathbun soils. These are 
goethite, lepidocrocite, and maghematite. 
Goethite a-FeOOH This iron oxide can take one of 
several forms. Macroscopically, it appears as batryoidal 
or stalactitic masses with radiating fibrous structure or 
as prismatic and tubular crystals. Under the electron 
microscope, soil goethite have acicular morphologies. They 
can also occur as lath-shaped crystals (Gard, 1971). Figures 
117a and 117b show lath-shaped crystals which are identified 
as goethite. These crystals were found mainly in the B and 
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Figure 117. Transmission electron micrographs showing 
goethite crystals 
a : Frame length = 3.5 ym 
b: Frame length = 7.0 ym 
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C horizons with the frequency of occurrence being higher in 
the Rathbun soil compared to Tama soil. 
Lepidocrocite y-FeOOH Lepidocrocite forms as a result 
of oxidation of precipitated Fe^^ hydroxy compounds. It forms 
2+ 
mainly under hydromorphic conditions where Fe occurs as a 
result of oxygen deficiency. Its presence in gleys and 
pseudogleys has been documented, but lepidocrocite has not 
been found in calcareous hydromorphic soils. Under calcareous 
conditions, carbonates favor the formation of goethite over 
lepidocrocite. 
Figure 118 is a micrograph of lepidocrocite crystals. 
These crystals are in the form of coarse, serrated, and 
elongated plates which tend to pile up parallel to each 
other. This micrograph (Figure 118) can be compared to 
Figure 5-5 in Minerals in Soil Environment (Dixon and Weed 
(eds.), 1977). This micrograph extends the documented evi­
dence obtained through x-ray diffraction analysis that 
lepidocrocite occurs in the B horizon of Rathbun soil. The 
identification of lepidocrocite was based on a 6.28 A° peak 
on the x-ray diffractogram of the Mg, K-saturated, and Mg-
ethylene glycolated clay samples. The detection was made 
possible because CoKa radiation was employed. 
As discussed above, the presence of lepidocrocite in 
a soil indicates hydromorphic conditions. The B horizon of 
the Rathbun soil is, therefore, expected to exhibit hydro­
morphic conditions. 
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The main factor leading to the formation of this condi­
tion is the occurrence of pedisediment which is relatively 
high in sand. Underneath this high sand layer is a heavy-
textured paleosol. This heavy-textured nature of this pale-
osol leads to perching of water in the sandy layer during 
part of the year. Reducing conditions result with a conse­
quent generation of Fe^"*" ions which eventually form 
lepidocrocite. 
Maqhemite y-Fe^O^ Many researchers, including 
van der Marel (1951) and Bates (1960) have reported that 
maghemite is an alteration production of magnetites in 
many clays and can result from one of three processes: (1) 
aerial oxidation of magnetite (Bonifas, 1959) , (2) dehydra­
tion of lepidocrocite, and (3) the thermal transformation 
of various oxides in the presence of organic matter (van der 
Marel, 1951). 
The initial detection of maghemite in these soils was 
made based on its magnetic properties. During the ultra­
sonic dispersion of the soils, the teflon-coated magnetic 
bar used in stirring the soil samples attracted and became 
coated with black specks of maghemite. This mineral was 
also identified through transmission electron microscopy. 
Particles in Figure 119 are identified as maghemite based 
on the concretionary^nature and the distribution of the indi­
vidual particles. 
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Figure 118. Transmission electron micrograph showing crystals 
of lepidocrocite (frame length = 7.0 um) 
Figure 119. Transmission electron micrograph of granules of 
maghemite (frame length = 3.5 ym) 
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Maghemite in the Tama soil could have formed as a 
result of aerial oxidation of magnetite or by thermal trans­
formation of various oxides in the presence of organic 
matter. In Rathbun, in addition to these two factors, 
maghemite could also have resulted from thermal dehydra­
tion of lepidocrocite, a mineral that has previously been 
identified in this soil. 
Noncrystalline materials 
The nature, properties, formation, and importance of 
noncrystalline materials in soil and soil clays have been 
reviewed in the second chapter of this report. Three forms 
of noncrystalline materials occur in soil and soil clays. 
They exist as discrete minerals, which are mostly the 
oxides and hydroxides of Fe, Al, and Si, and they occur in 
various combinations with water. Of the discrete noncrystal­
line minerals,- those that have received much attention are 
allophanes, hisingerite, and imogolite. 
Allophanes .are naturally occurring hydrous alumino-
silicates which are characterized by structural randomness. 
Their presence has been reported in a variety of soils 
including those formed from glacial rock flour or basalt, 
in Spodosols and also in soils which developed from volcanic 
ash. Under the electron microscope, allophanes appear as 
fine, rounded particles with diameters of 35-50 A° which 
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form irregular aggregates. Hisingerite (Fe^O^.2Si02.nH^O) 
is an iron analogue of allophane and it exhibits similar 
morphologies. 
Imogolite {Si02*Al202*2.5H2O) is also a hydrous alumino-
silicate which was first isolated and characterized by 
Yoshinaga and Aomine (1962) . Imogolite appears under the 
electron microscope as smooth and curved threads which vary 
in diameter from 100 to 300 A°. These threads extend 
several ym in length. Imogolite shows an unique x-ray 
diffraction pattern. It has been identified in soils 
formed from glassy volcanic ash. 
Amorphous aluminum and iron hydroxy materials also 
occur as interlayer material in expansible layer silicates. 
Aluminum hydroxy materials are the most common. They appear 
as gibbsite-like monolayer structures which disperse as 
islands in the interlayer space. 
In addition to these discrete noncrystalline materials, 
there also occurs another form which acts as thin films on 
soil mineral surfaces. These coatings have been described 
as being allophane-like, Most of the information on them 
has been obtained through chemical dissolution analyses, 
using reagents such as 0.5N sodium hydroxide, sodium 
dithionite-citrate solution, and acid ammonium oxalate. 
These chemicals, however, tend to change the nature and 
properties of these coatings. 
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Due to their short-range order, noncrystalline materials 
do not scatter x-rays directly to produce definite diffrac­
tion maximum. This analytical procedure has therefore not 
been very useful in investigating noncrystalline materials. 
However, the transmission electron microscope has become an 
effective tool for the study of these minerals. For this 
part of the study, clays that were dispersed at a pH of 4.0 
were used. The assumption here is that at this low pH, the 
noncrystalline materials do assume a positive charge in the 
H-saturated condition and they consequently become dispersed. 
The possibility of dispersing some crystalline materials can 
also not be ruled out. However, these could be interlayered 
with Al or Fe hydroxy materials or they may be physically 
bonded to the positively charged fraction which is isolated 
through this procedure. 
In this study, no conclusive evidence was obtained to 
account for the presence of allophane, imogolite, and/or hi-
singerite. The only discrete noncrystalline material observed 
is amorphous silica which is shown in the micrograph of 
Figure 120. These silica bodies precipitated during the acid 
dispersion of clays. This dissolved silica occurs in the 
form of monomeric silicic acid, and it has an appearance of 
a tangled mass of strings or beads. Aerosil, a fine 
amorphous material which can be artificially produced through 
the hydrolysis of SiCl^, has a similar structural pattern. 
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Figure 120. Amorphous silicic acid that precipitated during 
acid dispersion of soil clay from Rathbun soil 
(frame length = 3.5 uni) 
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In addition to this, only discrete amorphous material, 
gel-like surface coatings of noncrystalline material were 
observed on some of the crystalline components. Figure 121a 
is a micrograph of water-dispersed clay from the B horizon 
of the Rathbun soil. This can be compared to Figure 121b 
which is also a micrograph of clay particles from the same 
horizon of the same soil. However, in Figure 121b, the clay 
was dispersed in an acid medium. Minerals in Figure 121a 
have sharp and clean edges as compared to those in Figure 
121b. Those particles in the acid-dispersed clays have a 
few angstroms of gel covering on them. This observation 
supports the findings of Jones and Uehara (1973) who pre­
sented the same kind of evidence that crystalline particles 
can be coated with amorphous gel hulls. 
This noncrystalline gel-like material plays a signifi­
cant role in the chemical and physical behaviors of the 
material they coat. They act as porous bodies when moist 
and elastic bodies when dry, thus influencing the porosity 
of the system. They can also lose their viscous properties 
upon drying. This has a significant effect on the crusting 
of laterites and also affects soil aggregation in general. 
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Figure 121. Transmission electron micrograph of particles 
from B horizon of Rathbun soil 
a: water dispersed (frame length =7.0 ym) 
b: acid dispersed (frame length = 3.5 ym) 
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SUMMARY AND CONCLUSIONS 
Noncrystalline or amorphous materials are of considerable 
importance in the soil system. Due to their large surface 
areas, they may influence surface properties such as the 
cation exchange capacities of soils. They may precipitate at 
contact points of soil properties, thereby bonding particle to 
particle. Thus, they may promote aggregation and cementation 
of soil particles. Noncrystalline materials may limit the 
availability of plant nutrients like P and K through fixation. 
Due to their amphoteric nature, noncrystalline materials may 
preferentially retain heavy metals. 
Many investigators have studied noncrystalline materials 
in soils derived from volcanic ash, weathered pumice, and 
other highly weathered soils. However, little has been done 
on the status of noncrystalline materials in pedologically 
young soils. Also, with the general assumption that noncrys­
talline materials occur only in the fine fraction of the soil, 
most investigations on noncrystalline materials have been 
conducted only on the <2 ym clay fraction. 
The major objectives of this research were: (1) to 
investigate the depth distributions of noncrystalline oxides 
of Al and Fe, two other forms of Al, and free iron oxides in 
the <2 mm fraction of some loess-derived Iowa soils; (2) to 
study the relationships between these Al and Fe parameters 
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and other soil and profile properties; (3) to develop mathe­
matical models to investigate the factors that influence the 
depth distributions of noncrystalline materials and to use 
these models to predict the amounts of these materials using 
basic soil information; (4) to identify and semiquantitatively 
estimate the amount of different clay minerals in the <2 ym 
fraction of the soil; and (5) to investigate the nature, 
amounts, and depth distributions of noncrystalline oxides 
of Fe, Al, and Si in the <2 ym clays. 
Fifteen soil profiles were chosen based on a modified 
version of a model proposed by Corliss (1958) which was also 
derived from Jenny's State function. These soils fall into 
four distinct natural drainage classes: well-drained, mod­
erately well-drained, somewhat poorly drained, and poorly 
drained. They were also chosen to incorporate three biotic 
factors of soil formation: prairie, prairie-forest or tran­
sition, and forest. These soils also fall into four stages 
of development: minimally-, medially-, well-, and highly-
developed profiles. 
Aluminum and Iron Soil Parameters 
Aluminum is of paramount importance in the soil. Among 
many of its functions in the soil, Al acts as a binding 
element in the mineral component of the soil. Apart from 
its structural "role, Al also controls soil acidity and soil 
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acidity measured below pH 5.2 is related to monomeric alumino-
hexahydronium and not to hydronium . 
Oxides, oxyhydroxides, and hydroxides of Fe {generally 
called oxides) are also important in pedogenetic studies. 
These oxides have generally been found to be related to the 
spectral properties of soil materials and sediments, and 
soil color is one of the most distinctive .morphological fea­
tures used in the field recognition of soils. It has also 
been commonly accepted that free iron is related to the 
stabilization of soil aggregates. 
Exchangeable and extractable aluminum (EXAL and EXTAL) 
The amounts and depth distributions of KCl-extractable 
Al (EXAL) and ammonium acetate-extractable Al (EXTAL) were 
investigated. 
In the soils studied, EXAL ranged from 0 to 8.5 meq/100 
g. EXAL is related to organic matter; no measurable amounts 
of EXAL occur in the A horizons. EXAL is also highly re­
lated to the biotic factor of soil formation. Only minute 
amounts of EXAL occur in the prairie-derived soils and these 
amounts are in the B horizons of the profiles. The prairie-
forest transition soils have more EXAL than the prairie-
derived members within the biosequences; however, the amounts 
of EXAL in the former are low compared to large amounts in 
the forest-derived soils. 
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The amount of EXAL in the forest-derived soils increases 
with an increase in profile development along with the 
associated decrease in pH. Hence, highly significant and 
negative correlations occur between EXAL and PH (pH vari­
able) in all but the Downs profile. EXAL and CLAY (percent­
age clay variable) are highly and positively correlated in 
the minimally- and medially-developed soils and only sig­
nificantly correlated in the well- and highly-developed soils. 
The distribution of EXTAL with depth, like EXAL, is 
quadratic. Most of the soils have distinct zones of EXTAL 
accumulation in the Bt horizon; EXTAL then decreases in the 
C horizon. EXTAL occurs in horizons in which no EXAL was 
extracted. More EXAL than EXTAL occurs in the forest-derived 
and a few transition soils, but more EXTAL than EXAL is 
present in the prairie-derived and most of the transition 
soils. As with EXAL, the correlations between EXTAL and 
CLAY are highly significant in the minimally- and medially-
developed soils but only significant in the well- and highly-
developed soils. Highly significant correlations also occur 
between EXTAL and PH. 
Free iron oxides (DITFE) 
Sodium citrate-bicarbonate-dithionite (CBD) solution 
has been extensively used to remove amorphous and crystalline 
iron oxides in the soil that are considered to be related 
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to the pedogenetic processes. The iron oxides extracted by 
the CBD solution are referred to as free iron oxides (DITFE). 
Significant amounts of DITFE occur in these loess-
derived soils, ranging from 0.4 to 2.5 percent. Of the 
factors investigated, DITFE distributions within the profiles 
are most related to the natural drainage class. The poorer 
drained soils have less free iron oxides than the associated 
well-drained soils. 
The depth distributions of DITFE in the well- and mod­
erately well-drained soils are quadratic and smooth. In' 
these soils, DITFE increases from the surface to a distinct 
maximum in the B horizon, below which it decreases steadily. 
The correlations between DITFE and CLAY are highly signifi­
cant in these soils. 
As natural drainage class becomes poorer, the distribu­
tions of DITFE with depth become more and more irregular and 
its correlations with CLAY become nonsignificant. In the 
poorer drained soils, there is redistribution and segregation 
of Fe; this is attributed to the mobility and the variable 
oxidization states of Fe which is influenced by the effect 
of the fluctuating water table in these soils. Within these 
poorly drained soils, however, the forest-end member of a 
bioseguence has a relatively smooth DITFE distribution. This 
could result from the efficiency of trees in utilizing water 
and also to their deeper depths of rooting. 
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Amorphous oxides of aluminum and iron (OXAL and OXFE) 
Selective dissolution analysis is used extensively in 
the study of amorphous or noncrystalline materials in the 
soil. Of the many reagents used in selective dissolution 
analysis, ammonium oxalate (pH 3.5) has been extremely useful. 
This reagent extracts only the amorphous forms of A1 and Fe 
oxides without affecting crystalline surfaces. 
Ammonium oxalate-extractable Al»0, (OXAL) In all 
soils studied, distributions of ammonium oxalate-extractable 
AlgOg (OXAL) with depth are smooth and quadratic, regardless 
of natural drainage class, type of vegetation, and stage of 
profile development. The minimally-developed soils have 
broad zones of OXAL accumulation in their B horizons. With 
increased development, however, the zone of accumulation 
becomes more and more distinct. In all soils, the OXAL 
curves closely parallel the clay curves and, hence, OXAL and 
CLAY are highly and significantly correlated. 
The amounts of OXAL range from 0.06 to 0.46 percent. 
The weighted means of OXAL in the sola of all soils show no 
relationship to drainage class. However, the OXAL weighted 
means show an interaction effect between biosequence and 
stage of profile development. In the minimally-developed 
biosequence, the amount of OXAL is largest in the prairie-
derived soil and least in the forest-derived member. The 
type of vegetation did not affect OXAL amounts in the sola 
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of the medially-developed soils. In the well- to highly-
developed soils, the forest-derived soils have the largest 
amounts of OXAL and the prairie-derived soils have the least. 
The depth distributions and the weighted means of OXAL 
in soils formed under the same biotic factor, but at dif­
ferent stages of development, were examined. For each type 
of vegetation, the amounts of OXAL in the soils with stage I 
through stage III development vary little with depth in the 
profiles. OXAL in the highly-developed (stage IV) soils, 
however, shows very strong profile differentiation; large 
amounts of OXAL occur in the top 60 cm, below which it de­
creases sharply with depth. 
In the prairie-derived soils, the amounts of OXAL in 
their sola decrease with increasing development, while this 
trend is reversed in the forest-derived soils. The amounts 
of OXAL in the sola of transition soils are independent of 
the stage of development. 
Ammonium oxalate-extractable Fe_0_ (OXFE) The distri-
—2—J 
butions of ammonium oxalate-extractable FegOg (OXFE) with 
depth are smooth and quadratic in the minimally- and medially-
developed profiles. The distributions become increasingly 
irregular with increasing stage of development; there may 
be confounding between drainage class and stage of profile 
development on OXFE distributions. 
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The amount of OXFE ranges from 0.05 to 0.93 percent. 
Their weighted means in the sola show trends similar to those 
of OXAL, both within and between biosequences and stages of 
profile development. This suggests that, in the more highly-
developed and poorer drained soils, there is only a redis­
tribution of amorphous FegO^ within the profiles, not removal 
from the profiles. 
Active ratios 
The relative amounts of amorphous and total free oxides 
conveniently have been expressed as "active ratios." These 
ratios are used as relative measures of the degree of aging 
or crystallinity of free oxides. 
The ratios of oxalate-extractable AlgO^ to CBD-
extractable AlgO^ (ALOD) are almost constant with depth. 
FEOD, the active iron oxide ratio of OXFE/DITFE, gradually 
decreases with depth in all profiles, despite the irregular 
distributions of this Fe parameter in the poorer drained 
soils. The decreasing depth distribution of FEOD can be 
attributed to the effect of organic matter in the soils. 
It is documented that organic matter retards the aging or 
crystallization of noncrystalline iron oxides. Hence, high 
FEOD values are associated with high organic surface horizons; 
FEOD then decreases gradually in the B and C horizons. The 
correlations between FEOD and OC are highly significant in 
most of the soils. The crystallization of amorphous aluminum 
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oxides is not affected by organic matter; hence, constant 
distributions of ALOD with depth occur. 
Statistical Modeling 
Mathematical multiple regression models were developed 
to study the combined influences of soil and profile proper­
ties on the amounts and distributions of OXAL and EXAL with 
depth. The mathematical equations obtained were then used 
to predict OXAL and EXAL in individual profiles. 
In the development of these models, the linear or quad­
ratic functions of the variables plus linear*linear and 
quadratic*linear interactions were tested. For selection 
of variables in the final model, the following statistical 
tests were examined; (1) the correlation matrix, (2) the 
latent roots and vectors of the correlation matrix, (3) the 
t-test of significance applied to the partial regression 
2 
coefficients, and (4) the R , coefficient of multiple 
determination. 
Multiple regressions of OXAL 
Two model series were run for the OXAL dependent 
variable. One model series was computed with PH (soil pH) 
terms (MODEL A series) and the other with HION (H^ ion 
concentration) terms (MODEL B series). Model selection 
was done by stepwise, backward elimination of variates not 
significant at the 1 percent level to obtain final models 
using the Helarctos II program (Kennedy, 1971). 
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For both model series, OXAL was regressed on 58 variates. 
Eight linear and quadratic terms were included for the fol­
lowing variables: PH or HION, percent clay (CLAY), percent 
fine silt (FISILT), percent coarse silt (COSILT), coded 
genetic horizon (GENHOR), coded drainage class (DRAIN), coded 
biosequence (BIO), and coded soil development class (DEVPT). 
2 2 Also included were 28 linear*linear, seven PH or HION 
2 
and seven GENHOR *X^ interaction functions. The initial 
MODELS A-1 and B-1 gave high R^ values of 0.937 and 0.933, 
respectively. Nonsignificant variates were deleted to obtain 
final MODEL A-20 which had 17 variates and an R^ of 0.914 
2 
and MODEL B-23 which had 20 variates and an R of 0.907. 
The efficiencies of these final models in predicting OXAL 
in the individual profiles used in this study were tested. 
2 The efficiencies of prediction (R -values) ranged from 77 
to 98 percent for the MODEL A series and 80 to 98 percent 
for the MODEL B series. No significant difference could be 
found between the two model series. 
High precisions were also obtained when these models 
were tested in predicting OXAL of four low-lime, glacial 
till-derived soils from Ohio. 
Multiple regressions of EXAL 
Using the same variates included in the multiple regres­
sions of OXAL, prediction equations were developed for EXAL. 
Two model series were also run, MODELS C and D series. 
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involving the PH and HION variates, respectively. The 
2 
complete prediction MODELS C-1 and D-1 gave R -values of 
0.876 and 0.935, respectively. The final reduced prediction 
2 MODEL C-21 contained 21 variates and had an R of 0.842. 
MODEL D-15, the other final reduced model, had 23 variates 
and an R^ of 0.935. 
The efficiency of predicting EXAL in individual profiles 
using final MODEL C-21 ranged from 17 to 90 percent. MODEL 
D-15 (with HION) was more efficient and a better predictor 
of EXAL in individual profiles than MODEL C-21 (with PH). 
Low prediction efficiencies were obtained when both 
final models were used to predict EXAL in the four till-
derived Ohio soils. 
• Clay Mineralogy 
Until the birth of Soil Taxonomy, clay mineralogy had 
not been extensively used as a differentiating criterion 
in the soil classification system. With the adoption of Soil 
Taxonomy, however, several classes have been separated by 
morphological features which are strongly influenced by 
mineralogy. Five different treatments were given to the 
<2 ym clay fraction in selected horizons of 13 soil profiles 
to identify the clay minerals in these soils. The following 
clay minerals were identified: smectite, mica, kaolinite, 
vermiculite, and smectite and vermiculite minerals which 
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are interlayered with hydroxy Al and/or Fe polymers. Quartz, 
an accessory mineral, was obtained in all the soils. 
Lepidocrocite, an iron compound which occurs mostly under 
hydromorphic conditions, was also identified in the B horizons 
of some of the more poorly drained soils. 
The semiquantitative estimation of the clay minerals 
revealed that, although slight differences exist in the pre­
dominant clay minerals when comparing profiles, these soils 
contain basically the same clay minerals in slightly dif­
ferent proportions. 
Smectite is the dominant clay mineral in all the soils 
studied. It has two basic depth distribution patterns. 
In the majority of profiles, the distribution of smectite 
is quadratic; it increases from the surface to a maximum 
in the B horizon, below which it decreases. In the other 
group, the depth distribution is irregular. The amount of 
smectite increases from well-drained to poorly drained soils. 
Significant amounts of hydroxy-interlayered smectites 
and vermiculites are present in all the profiles studied. 
In eight of the profiles; the amount of these minerals 
decreases with depth. No systematic relationship between 
depth and the amounts of hydroxy interlayered 2:1 minerals 
is apparent in the other profiles. 
Mica constitutes an important clay mineral at all depths 
in the profiles studied. In addition to the semiquantitative 
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estimation, the amount of mica was also determined through 
K^O analysis. Highly significant correlations occur between 
the amounts of mica estimated by both methods. Two basic 
distribution trends with depth occur. In most profiles, 
the amount of mica decreases with depth to a minimum in the 
B horizon, below which it increases. The minimum amount of 
mica coincides with the maximum amount of smectite; this 
suggests possible weathering of mica to smectite. In other 
soils, the amount of mica gradually decreases with depth 
apparently because of K uptake by smectite during soil 
formation. 
Significant amounts of kaolinite also occur in the soils. 
The content of kaolinite may show little or no variation 
with depth in some soils which indicates that kaolinite is 
probably inherited from the original parent material. 
Kaolinite may also decrease below the soil surface in other 
soils which is evidence that kaolinite is an alteration product 
of other clay minerals in the upper part of the profile. 
No systematic pattern is apparent in the depth distri­
butions of vermiculite, and no definite relationships could 
be established between the amounts of vermiculite in the 
soil and any of the other factors investigated. 
The depth distributions of the sesquioxide ratios, 
SiOg/AlgOg and SiOg/fAlgOg+FegOg), of the <2 ym clays are 
similar in all profiles studied. They decrease gradually 
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with depth to a minimum in the B horizon, below which they 
increase. The minimum values of these ratios generally coin­
cide with the maximum amounts of clay and smectite. This 
indicates that the weathering products of Al and Fe are 
translocated from the A and the upper part of the B horizons 
and deposited in the middle or lower parts of the B horizon. 
A greater portion of the total Fe^O^ is amorphous com­
pared to AlgOg. Their distributions have similar patterns; 
they consistently decrease with depth in the profile. This 
distribution trend confirms the physico-chemical nature of 
the soil which, being a dynamic system, absorbs much energy 
in the upper layers. This leads to an increase in the 
entropy of the system with the consequent increase in the 
disorder in the minerals in the surface. More amorphous 
materials, therefore, occur in the surface and decrease 
with depth in the profile. 
Documentary evidence on the occurrence of the different 
clay minerals identified through x-ray diffraction analysis 
was obtained by using the transmission electron microscope. 
Smectite, mica, and kaolinite were identified from electron 
microscope micrographs. Oxides of iron including goethite, 
lepidocrocite, and maghemite were also identified. 
Amorphous silica was the only discrete noncrystalline 
mineral observed in the acid dispersed clays. However, a 
few angstroms of gel-like surface coatings of noncrystalline 
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materials were observed on the clay particles of the acid 
dispersed clays. 
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APPENDIX A: SOIL PROFILE DESCRIPTIONS 
Soil map unit: 120B, Tama^ silt loam, 4% slope 
Soil no.: 52MB120 
Location: Johnson County, Iowa; 373 m south and 108 m east of 
the northeast comer of sec. 28, T.79N., R.5W. 
Physiographic position: Convex interfluve summit 
Land use: Com 
Sampled by: Andrew Manu and Thomas Bicki, December 18, 1980 
Described by: Andrew Manu and Ronald J. Kuehl 
Ap (0-18 cm); black (lOYR 2/1) heavy silt loam, with very dark 
brown (lOYR 2/2) coatings; dark grayish brown (lOYR 4/2) dry; 
weak fine granular structure; friable; slightly acid; abrupt 
smooth boundary. 
A1 (18-33 cm); very dark brown (lOYR 2/2) and very dark gray­
ish brown (lOYR 3/2) light silty clay loam, with black (lOYR 
2/1) coatings; dark grayish brown (lOYR 4/2) dry; weak fine 
granular structure; friable; strongly acid; clear smooth 
boundary. 
A2 (33-53 cm); very dark grayish brown (lOYR 3/2) light silty 
clay loam, with very dark brown (lOYR 2/2) coatings; grayish 
brown (lOYR 5/2) dry; weak fine granular structure; friable; 
strongly acid; clear smooth boundary. 
BA (53-64 cm); brown (lOYR 4/3) light silty clay loam, with 
very dark grayish brown (lOYR 3/2) coatings; weak fine sub-
angular blocky structure parting to weak fine granular; 
friable; strongly acid; clear smooth boundary. 
Btl (64-81 cm); brown (lOYR 4/3) light silty clay loam, with 
dark brown (lOYR 3/3) coatings; weak fine subangular blocky 
structure parting to weak fine granular; friable; thin dis­
continuous dark yellowish brown (lOYR 3/4) clay films; 
strongly acid: gradual smooth boundary. 
Bt2 (81-102 cm); yellowish brown (lOYR 5/4) medium silty clay 
loam, with dark yellowish brown (lOYR 4/4) coatings; weak 
fine subangular blocky structure parting to weak fine granular; 
friable; thin discontinuous dark yellowish brown (lOYR 3/4) 
clay films and few small manganese oxides; discontinuous light 
gray (lOYR 7/1) silt coatings; strongly acid; clear smooth 
boundary. 
^The clay content of this profile is higher than that of 
typical Tama series mapped in Iowa. 
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BC (102-122 cm) ; light yellowish brown (lOYR 6/4) medium 
silty clay loam with brown (lOYR 5/3) coatings; moderate 
medium subangular blocky structure; friable; common dark 
(7.5N 2/0) manganese oxides; discontinuous light gray (lOYR 
7/2) silt coatings; strongly acid; clear smooth boundary. 
CI (122-145 cm) ; yellowish brown (lOYR 5/4) light silty clay 
loam; common fine distinct (7.5YR 5/6) and few fine faint 
(lOYR 6/2) mottles; weak medium prismatic structure; friable; 
discontinuous light gray (lOYR 7/1) silt coatings; many dark 
{7.5N 2/0) manganese oxides; strongly acid; clear smooth 
boundary. 
C2 (145-196 cm) ; yellowish brown (lOYR 5/4) light silty clay 
loam; common fine distinct (7.5YR 5/6) and (lOYR 6/2) mottles; 
massive; many dark (7.5N 2/0) manganese oxides; medium acid. 
Soil map unit: 162B, Downs^ silt loam, 3% slope 
Soil no.: 52MB162 
Location: Johnson County, Iowa; 27 m north and 78 m east of 
the corner of farm lane in the northwest h of the south­
west h of sec. 32, T.79N, R.5W. 
Physiographic position: Interfluve divide (summit) 
Land use:- Timbered pasture 
Sampled by: Andrew Manu and Thomas Bicki 
Described by: Andrew Manu and Ronald J. Kuehl 
A (0-13 cm); very dark grayish brown (lOYR 3/2) heavy silt 
loam, with very dark brown (lOYR 2/2) coatings; dark grayish 
brown (lOYR 2/2) coatings; dark grayish brown (lOYR 4/2) dry; 
weak fine granular structure; friable; neutral; clear smooth 
boundary. 
E (13-25 cm); dark grayish brown (lOYR 4/2) heavy silt loam, 
with brown TlOYR 4/3) mixings; grayish brown (lOYR 5/2) dry; 
weak thin platy structure; friable; neutral; clear smooth 
boundary. 
BE (25-43 cm); brown (lOYR 4/3) light silty clay loam; weak 
fine subangular blocky structure parting to weak fine granular; 
friable; neutral; clear smooth boundary. 
Btl (43-61) ; dark yellowish brown (lOYR 4/4) medium silty 
clay loam, with very dark gray (lOYR 3/1) worm mixings; weak 
fine subangular blocky structure parting to fine granular; 
friable; neutral; clear smooth boundary. 
^The pH of this profile is higher than that of the typi­
cal Downs series mapped in Iowa. 
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Bt2 (61-94 cm) ; yellowish brown (lOYR 5/4) medium silty clay 
loam, with brown (lOYR 4/3) coatings; moderate fine subangular 
blocky structure; friable; thin discontinuous dark yellowish 
brown (lOYR 3/4) clay films; neutral; clear smooth boundary. 
Bt3 (94-107 cm) ; yellowish brown (lOYR 5/6) light silty clay 
loam, with brown (lOYR 4/3) coatings; moderate fine subangular 
blocky structure; friable; thin discontinuous dark yellowish 
brown (lOYR 3/4) clay films; few roots; neutral; clear smooth 
boundary. 
Bt4 (107-124 cm); yellowish brown (lOYR 5/6) light silty clay 
loam; few fine distinct (7.SYR 4/4) mottles; moderate fine 
angular blocky structure; friable; few roots; neutral; clear 
smooth boundary. 
EC (124-160); yellowish brown (lOYR 5/8) light silty clay loam, 
with thin discontinuous dark yellowish brown (lOYR 4/4) coat­
ings; few fine distinct (7.5YR 4/4) and few fine faint (lOYR 
5/2) mottles; moderate medium prismatic structure; friable; 
few thin discontinuous dark yellowish brown (lOYR 3/4) clay 
films; few roots; dark brown (7.5YR 3/2) accumulation in root 
channels; slightly acid; clear smooth boundary. 
C (160-203 cm) ; brownish yellow (lOYR 6/6) heavy silt loam; 
few fine faint (lOYR 6/3) and few fine distinct (7.5YR 5/6) 
mottles; massive; friable; few dark (7.5N 2/0) manganese 
oxides; few roots; da-rk brown (7.5YR 3/2) accumulation in 
root channels; medium acid. 
Soil map unit: 163B, Fayette silt loam, 4% slope 
Soil no.; 52MB163 
Location: Johnson County, Iowa; 78 m south and 32 m west of 
the northwest corner of the northeast h of sec. 25. 
T.80N., R.6W. (distance from end of dead-end gravel road) 
Physiographic position: Convex interfluve 
Land use: Alfalfa 
Sampled by: Andrew Manu and Thomas Bicki, December 18, 1980 
Described by: Andrew Manu and Ronald J. Kuehl 
Ap (0-20 cm) ; dark grayish brown (lOYR 4/2) light silt loam; 
pale brown (lOYR 6/3) dry; weak fine subangular blocky struc­
ture; friable; strongly acid; abrupt smooth boundary. 
E (20-30 cm) ; dark grayish brown (lOYR 4/2) light silt loam, 
with dark yellowish brown (lOYR 4/4) mixings ; light yellowish 
brown (lOYR 6/4) dry; weak thin platy structure; friable; 
medium acid; clear smooth boundary. 
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BE (30-43 cm); dark yellowish brown (lOYR 4/4) heavy silt 
loam; weak fine subangular blocky structure; friable; slightly 
acid; clear smooth boundary. 
Btl (43-56 cm); yellowish brown (lOYR 5/4) light silty clay 
loam, with dark yellowish brown (lOYR 4/4) coatings; weak fine 
subangular blocky structure; friable; thin discontinuous dark 
brown (lOYR 4/3) clay films; few light gray (lOYR 7/1) silt 
coatings; medium acid; clear smooth boundary. 
Bt2 (56-74 cm); light yellowish brown (lOYR 6/4) medium silty 
clay loam, with dark yellowish brown (lOYR 4/4) coatings; 
moderate fine angular blocky structure; friable; thin discon­
tinuous dark brown (lOYR 4/3) clay films; few light gray (lOYR 
7/1) silt coatings; very strongly acid; clear smooth boundary. 
Bt3 (74-94 cm); light yellowish brown (lOYR 6/4) medium silty 
clay loam; moderate medium subangular blocky structure; fri­
able; thin discontinuous dark brown (lOYR 4/3) clay films; 
many light gray (lOYR 7/1) silt coatings; very strongly acid; 
clear smooth boundary. 
BCl (94-122 cm) ; yellowish brown (lOYR 5/4) medium silty clay 
loam; weak medium prismatic structure; friable; thin discon­
tinuous dark brown (lOYR 3/3) clay films; few light gray (lOYR 
7/1) silt coatings; few dark (7.5N 2/0) manganese oxides; very 
strongly acid; clear smooth boundary. 
BC2 (122-140 cm) ; light yellowish brown (lOYR 6/4) light silty 
clay loam; weak medium prismatic structure; friable; thin dis­
continuous dark brown (lOYR 3/3) clay films; few roots; very 
strongly acid; clear smooth boundary. 
CI (140-180 cm); Brownish yellow (lOYR 6/6) heavy silt loam; 
massive structure; friable; few light gray (lOYR 7/1) silt 
coatings; strongly acid; clear smooth boundary. 
C2 (180-213 cm) ; brov/nish yellow (lOYR 6/6) heavy silt loam; 
few fine faint (lOYR 5/2) mottles; massive; friable; few -
light gray (lOYR 7/1) silt coatings; strongly acid. 
Soil map unit: 118, Garwin silty clay loam, 1% slope to 
nearly level-
Soil no-: 52MB118 
Location: Johnson County, Iowa; 47 m north and 50 m east of 
the northwest comer of farmstead (from fence line) or 
47 m east of field entrance in northeast % of sec. 34, 
T.79N., R.5W. 
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Physiographic position: Broad upland 
Land use: Pasture 
Sampled by: Andrew Manu and Thomas Bicki, December 18, 1980 
Described by: Andrew Manu and Ronald J. Kuehl 
Ap (0-20 cm); black (N 2/0) light silty clay loam, very dark 
gray (lOYR 3/1) dry; weak fine granular structure; friable; 
strongly acid; abrupt smooth boundary. 
A1 (20-40 cm); black (N 2/0) medium silty clay loam, dark gray 
(lOYR 4/1) dry; weak fine granular structure; friable; very 
strongly acid; clear smooth boundary. 
A2 (40-58 cm); black (lOYR 2/1) medium silty clay loam, dark 
grayish brown (lOYR 4/2) dry; weak fine granular structure; 
friable; strongly acid; clear smooth boundary. 
BA (58-71 cm); dark grayish brown (lOYR 4/2) medium silty clay 
loam, with very dark gray (lOYR 3/1) coatings; few fine faint 
(2.5Y 5/4) mottles; moderate fine granular structure; friable; 
strongly acid; clear smooth boundary. 
Bwl (71-91 cm); mottled olive brown (2.5Y 4/4) dark grayish 
brown (2.5Y 4/2) and strong brown (7.5YR 5/6) heavy silty 
clay loam; weak fine subangular blocky structure parting to 
weak fine granular; friable; strongly acid; clear smooth 
boundary. 
Bw2 (91-112 cm); mottled olive brown (2.5Y 4/4) grayish brown 
(2.5Y 5/2) and reddish yellow (7.5YR 6/8) medium silty clay 
loam; weak medium and fine prismatic structure; friable; thin 
continuous very dark grayish brown (lOYR 3/2) clay films; 
few dark (7,5N 2/0) manganese oxides; medium acid; clear 
smooth boundary. 
BC (112-132 cm); mottled grayish brown (2.5Y 5/2) and strong 
brown (7.5YR 5/8) light silty clay loam; weak medium prismatic 
structure; friable; very dark gray (lOYR 3/1) clay accumula­
tions in root channels; many dark (7.5N 2/0) manganese 
oxides; slightly acid; clear smooth boundary. 
Cgl (132-145 cm); mottled light brownish gray (2.5Y 6/2) and 
strong brown (7.5YR 5/8) heavy silt loam; massive structure; 
friable; neutral; clear smooth boundary. 
Cg2 (145-183 cm); light brownish gray (2.5Y 6/2) light silt 
loam; many medium prominent (7.5YR 6/8) mottles; massive; 
friable; mildly alkaline; abrupt and wavy boundary. 
Cg3 (183-213 cm); same as above but calcareous. 
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Soil map unit: 160, Walford silt loam (Variant), 1% slope 
Soil no.: 52MB160 
Location: Johnson County, Iowa; 99 m east of power pole #T59 
SPO 6-358 on N-S road or 41 m south and 99 m east of 
field entrance of Ernest farm on N-S road in the north­
west h of sec. 34, T.BON., R.5W. 
Physiographic position: Nearly level summit 
Land use: Pasture 
Sampled by: Andrew Manu and Thomas Bicki 
Described by: Andrew Manu and Ronald J. Kuehl 
A' (0-15 cm); very dark brown (lOYR 2/2) light silt loam, gray­
ish brown (lOYR 5/2) dry; weak fine subangular blocky struc­
ture; friable; slightly acid; clear smooth boundary. 
E (15-23 cm); very dark grayish brown (lOYR 3/2) light silt 
loam, grayish brown (lOYR 5/2) dry; weak fine subangular 
blocky and angular structure; friable; slightly acid; clear 
smooth boundary. 
BE (23-36 cm); dark grayish brown (lOYR 4/2) light silty clay 
loam, light grayish brown (lOYR 6/2) dry; weak fine subangular 
and angular blocky structure; friable; medium acid; clear 
smooth boundary. 
Btql (36-48 cm); grayish brown (2.5Y 5/2) heavy silty clay 
loam; few fine distinct (7.SYR 5/8) mottles; weak fine angular 
blocky structure; friable; thin discontinuous dark brown (lOYR 
3/3) clay films; strongly acid; clear smooth boundary. 
Btg2 (48-68 cm); grayish brown (2.5Y 5/2) heavy silty clay 
loam; few medium prominent (5YR 5/6) mottles; moderate medium 
prismatic structure parting to weak fine subangular blocky; 
friable; thin continuous very dark grayish brown (lOYR 3/2) 
clay films; strongly acid; clear smooth boundary. 
Btg3 (68-73 cm); grayish brown (2.5Y 5/2) heavy silty clay 
loam: common fine prominent (5YR 4/6) mottles; weak fine sub-
angular blocky structure; friable; thick continuous very dark 
grayish brown (lOYR 3/2) clay films; strongly acid; clear 
smooth boundary. 
Btg4 (79-94 cm); olive gray (5Y 5/2) medium silty clay loam; 
common fine prominent (5YR 4/6) mottles; weak fine subangular 
blocky structure; friable; thick discontinuous very dark gray 
(lOYR 3/1) clay films; few dark (7.5N 2/0) manganese oxides; 
medium acid; clear smooth boundary. 
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BCgl (94-109 cm); gray (5Y 5/1) light silty clay loam; weak 
fine angular blocky structure; friable; thick continuous very 
dark gray (lOYR 3/1) clay flows in root channels; many dark 
(7.5N 2/0) manganese oxides; medium acid; clear smooth 
boundary. 
BCq2 (109-124 cm); olive gray (5Y 5/2) medium silty clay loam; 
common fine prominent (7.5YR 5/6) mottles; weak fine angular 
blocky structure; friable; thick discontinuous very dark gray 
(lOYR 3/1) clay films; abundant dark (7.5N 2/0) manganese 
oxides; slightly acid; clear smooth boundary. 
Cql (124-140 cm); olive gray (5Y 5/2) light silty clay loam; 
common fine prominent (5YR 5/6) mottles; massive; friable; 
thick discontinuous very dark gray (lOYR 3/1) clay films; 
neutral; clear smooth boundary. 
Cq2 (140-165 cm); olive gray (5Y 5/2) light silty clay loam; 
many medium prominent (5YR 5/6) mottles; massive; friable; 
big patch of dark (7.5N 2/0) manganese oxides; neutral; clear 
smooth boundary. 
Cq3 (165-188 cm); olive gray (5Y 5/2) light silt loam; common 
fine prominent TSYR 5/6) mottles; massive; friable; mildly 
alkaline. 
Soil map unit: 164, Traer silt loam, 1% slope 
Soil no.: SCS164 
Location: Muscatine County, Iowa; 483 m east and 241 m north 
of the SW corner of sec. 24, T.77N., R.IW. 
Physiographic position: Upland sideslope 
Land use : Corn 
Sampled by: Wayne Dankert, August 4, 1981 
Described by: Wayne Dankert 
Ap (0-28 cm); dark gray (lOYR 4/1) silt loam, light brownish 
gray (lOYR 6/2) dry; weak medium platy and fine and very fine 
granular structure; friable; few very fine roots; few light 
brownish gray (2.5Y 6/2) worm casts; common fine black (lOYR 
2/1) concretions (iron and manganese oxides); neutral; abrupt 
smooth boundary. 
E (28-43 cm); light brownish gray (2.5Y 6/2) silt loam, with 
brown (lOYR 5/3) coatings; common fine distinct yellowish 
brown (lOYR 5/6) mottles; weak medium platy structure; friable; 
few very fine roots; few dark gray (lOYR 4/1) worm casts; 
common fine black (-10YR 2/1) concretions; neutral; clear 
smooth boundary. 
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BE (43-53 cm) ; grayish brown (2.5Y 5/2) silty clay loam, with 
brown (lOYR 5/3) coatings; many medium distinct yellowish 
brown (lOYR 5/6) mottles; weak medium and fine subangular 
blocky structure; friable; common white (lOYR 8/1) dry silt 
coats; few very fine roots; common fine black (lOYR 2/1) 
concretions; strongly acid; clear wavy boundary. 
Btgl (53-69 cm); mottled grayish brown (2.5Y 5/2) and yellow­
ish brown (lOYR 5/6) silty clay loam; grayish brown (2.5Y 5/2) 
coatings; common fine prominent strong brown (7.5YR 5/6) and 
reddish yellow (7.SYR 6/6) mottles; moderate medium and fine 
angular blocky and subangular blocky structure; firm; many 
moderately thick clay films on faces of peds and in pores; 
common white (lOYR 8/1) dry silt coats; strongly acid; clear 
wavy boundary. 
Btg2 (69-81 cm); mottled grayish brown (2.5Y 5/2), yellowish 
brown (lOYR 5/6), and dark yellowish brown (lOYR 4/6) silty 
clay loam; grayish brown (lOYR 5/2) coatings; common fine 
prominent strong brown (7.5YR 5/6) and reddish yellow (7.5YR 
6/6) mottles ; moderate fine prismatic and angular blocky 
structure; firm; many thin clay films on faces of peds and 
pores; few white (lOYR 8/1) dry silt coats; common fine (lOYR 
2/1) concretions; medium acid; gradual wavy boundary. 
Btg3 (81-96 cm) ; mottled grayish brown (2.5Y 5/2) and yellow­
ish brown (lOYR 5/6) silty clay loam; grayish brown (lOYR 5/2) 
coatings; common fine" prominent strong brown (7.5YR 5/6) and 
reddish yellow (7.5YR 6/6) mottles; weak fine prismatic and 
angular blocky structure; friable; common thin clay films on 
faces of peds and in pores; few white (lOYR 8/1) dry silt 
coats; common fine black (lOYR 2/1) concretions; slightly 
acid; gradual wavy boundary. 
Btq4 (96-117 cm); light brownish gray (2.5Y 6/2) silty clay 
loam; many fine prominent yellowish brown (lOYR 5/4 and 5/6) 
and common fine prominent strong brown (7.5YR 5/6) mottles; 
weak fine prismatic and angular blocky structure; friable; 
few thin clay films on faces of peds and in pores; common 
fine black (lOYR 2/1) concretions; slightly acid; gradual 
wavy boundary. 
BCg (117-137 cm); mottled brownish yellow (lOYR 6/5) , yellowish 
brown (lOYR 5/6), and light brownish gray (2.5Y 6/2) silty 
clay loam; few fine prominent yellowish brown (lOYR 5/4) and 
brown (7.5YR 5/4) mottles; weak medium and fine prismatic 
structure; friable; common fine black (lOYR 2/1) concretions; 
slightly acid; gradual wavy boundary. 
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Cg (137-183 cm); mottled brownish yellow (lOYR 6/6) and light 
brownish gray (2.5Y 6/2) silt loam; common fine prominent 
strong brown (7.SYR 5/6) and reddish yellow (7.5YR 6/6) mot­
tles; massive; friable; common fine black (lOYR 2/1) concre­
tions; slightly acid. 
Soil map unit: 281B, Otley silty clay loam (variant), 3% slope 
Soil no.: 52MB281 
Location: Johnson County, Iowa; 51 m south and 65 m east of 
field entrance in the NE% of sec. 34, T.78N., R.7W. 
Physiographic position: Interfluve divide summit 
Land use: Alfalfa 
Sampled by: Andrew Manu and Thomas Bicki, December 18, 1980 
Described by: Andrew Manu 
Ap (0-18 cm); black (lOYR 2/1) heavy silt loam, grayish brown 
(lOYR 5/2) dry; weak fine granular structure; friable; 
abundant roots; slightly acid; abrupt smooth boundary. 
A (18-30 cm); very dark brown (lOYR 2/2) light silty clay 
loam, brown (lOYR 5/3) dry; moderate fine granular structure; 
friable; few roots; slightly acid; clear smooth boundary. 
AB (30-46 cm); very dark grayish brown (lOYR 3/2) light silty 
clay loam, with very dark gray (lOYR 3/1) coatings, brown 
(lOYR 5/3) dry; moderate fine granular structure; friable; 
few roots; slightly acid; gradual smooth boundary. 
Btl (46-64 cm); brown (lOYR 4/3) medium silty clay loam, with 
dark brown (lOYR 3/3) mixings; weak fine subangular blocky 
structure parting to fine weak granular; friable; thin dis­
continuous pale brown (lOYR 6/3) clay films; strongly acid; 
gradual smooth boundary. 
Bt2 (64-84 cm); dark yellowish brown (lOYR 4/4) ; medium silty 
clay loam; weak fine subangular blocky structure parting to 
weak fine granular; friable; thin discontinuous dark brown 
(lOYR 3/3) clay films; very strongly acid; clear smooth 
boundary. 
Bt3 (84-102 cm); yellowish brown (lOYR 5/4) medium silty clay 
loam; few fine faint (5YR 4/8) mottles; moderate medium angu­
lar blocky structure; friable; thick discontinuous dark brown 
(lOYR 3/3) clay films; few dark (7.5Y N2/0) manganese oxides; 
very strongly acid; gradual smooth boundary. 
Bt4 (102-130) ; mottled olive gray (5Y 5/2), yellowish red 
(5YR 4/6) and yellowish brown (lOYR 5/4) medium silty clay 
loam; weak medium angular blocky structure; friable; thick 
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continuous dark brown (lOYR 3/3) clay films; abundant dark 
(7.5Y N2/0) manganese oxides; few roots; strongly acid; clear 
smooth boundary. 
BCl (130-147 cm); mottled olive gray (5Y 5/2) , yellowish red 
(5YR 4/6), and yellowish brown (lOYR 5/4) light silty clay 
loam; weak fine prismatic structure parting to weak fine 
subangular blocky; friable; thick continuous dark brown (lOYR 
3/3) clay films; very dark brown (lOYR 2/2) clay films in 
root channels; strongly acid; clear smooth boundary. 
BC2 (147-160 cm); mottled grayish brown (lOYR 5/2), dark 
reddish brown {5YR 3/4) and light olive gray (5Y 6/2) light 
silty clay loam; weak coarse prismatic structure; friable; 
thick discontinuous dark brown (lOYR 3/3) clay films; common 
dark (7.5N 2/0) manganese oxides; few roots; strongly acid; 
gradual smooth boundary. 
CI (160-183 cm); mottled light brownish gray (2.5Y 6/2) and 
strong brown (7.SYR 5/6) heavy silt loam; weak coarse pris­
matic structure; friable; thin discontinuous dark brown (lOYR 
3/3) clay films; very dark brown (lOYR 2/2) clay films in 
root channels; medium acid; gradual smooth boundary. 
C2 (183-213 cm); yellowish brown (lOYR 5/4) light silt loam; 
common fine distinct (SYR 4/8) and many fine prominent (5Y 
5/2) mottles ; massive; friable; abundant dark (7.5N 2/0) 
manganese concretions-; medium acid. 
Soil map unit: 75B, Ladoga silt loam, 3% slope 
Soil no.: 52MB76 
Location: Johnson County, Iowa; 267 m south and 32 m east of 
the northwest corner of sec. 30, T.78N., R.7W. 
Physiographic position: Interfluve divide summit 
Land use : Corn 
Sampled by: Andrew Manu and Thomas Bicki, December 18, 1980 
Described by: Andrew Manu 
Ap (0-13 cm); very dark gray (lOYR 3/1) heavy silt loam, gray 
(lOYR 5/1) dry; weak fine granular structure; friable; medium 
acid; clear smooth boundary. 
E (13-25 cm) ; dark brown (lOYR 3/3) light silt loam, with 
brown (lOYR 4/3) mixings, grayish brown (lOYR 5/2) dry; weak 
fine granular structure; friable; medium acid; abrupt smooth 
boundary. 
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BE (25-36 cm); dark yellowish brown (lOYR 4/4) light silty 
clay loam with dark brown (lOYR 3/3) coatings, light brown­
ish gray (lOYR 6/2) dry; weak fine subangular blocky structure; 
friable; very strongly acid; clear smooth boundary. 
Btl (36-56 cm); brown (lOYR 4/3) medium silty clay loam; weak 
fine angular blocky structure parting to weak fine granular; 
friable; thin discontinuous dark brown (lOYR 3/3) clay films; 
very strongly acid; gradual smooth boundary. 
Bt2 (56-76 cm) ; dark yellowish brown (lOYR 4/4) medium silty 
clay loam; weak fine subangular blocky structure; friable; 
thin discontinuous dark brown (lOYR 3/3) clay films on ped 
surfaces; few roots; very strongly acid; gradual smooth 
boundary. 
Bt3 (76-89 cm); yellowish brown (lOYR 5/4) medium silty clay 
loam; few fine faint (5Y 5/2) mottles; weak fine subangular 
blocky structure; friable; thin continuous dark brown (lOYR 
3/3) clay films; few dark (7.5N 2/0) manganese oxides; few 
roots; strongly acid; gradual smooth boundary. 
Bt4 (89-102 cm) ; yellowish brown (lOYR 5/4) medium silty clay 
loam; common fine distinct (7.5YR 5/8) mottles; weak fine sub-
angular blocky structure; friable; dark brown (lOYR 3/3) clay 
films in root channels and on ped surfaces; few dark (7.5N 
2/0) manganese oxides; abundant roots; strongly acid; clear 
smooth boundary. 
Bt5 (102-114 cm); yellowish brown (lOYR 5/4) light silty clay 
loam; common fine distinct (2.5Y 6/2) mottles; weak fine pris­
matic structure parting to weak fine subangular blocky; 
friable; thick continuous dark brown (lOYR 3/3) clay films; 
abundant dark (7.5N 2/0) manganese oxides; few roots; strongly 
acid; clear smooth boundary. 
BC (114-150 cm) ; yellowish brown (lOYR 5/4) light silty clay 
loam; common fine distinct {5Y 6/2) mottles; weak medium 
prismatic structure; friable; thick discontinuous dark brown 
(lOYR 3/3) clay films and very dark grayish brown {lOYR 3/2) 
accumulations in root channels; few roots; medium acid; clear 
smooth boundary. 
CI (150-165 cm) ; mottled yellowish brown (lOYR 5/6) and light 
olive gray (5Y 6/2) light silty clay loam; massive; friable; 
thin discontinuous very dark grayish brown (lOYR 3/2) clay 
films; medium acid; clear smooth boundary. 
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C2 (165-213 cm) ; mottled yellowish brown (lOYR 5/6) and light 
olive gray (5Y 6/2) heavy silt loam; massive; friable; few 
root channels; very dark grayish brown (lOYR 3/2) clay films; 
slightly acid. 
Soil map unit: 8OB, Clinton silt loam, 3% slope 
Soil no.: 92MB80 
Location: Washington County, Iowa; 76 m south and 117 m west 
of the northeast corner of sec. 9, T.77N., R.6W. 
Physiographic position: Upland interfluve divide 
Land use : Corn 
Sampled by: Andrew Manu and Thomas Bicki, December 18, 1980 
Described by: Andrew Manu 
Ap (0-20 cm) ; dark grayish brown (lOYR 4/2) light silt loam, 
grayish brown (lOYR 5/2) dry; weak fine granular structure; 
friable; neutral; abrupt smooth boundary. 
BE (20-36 cm) ; dark yellowish brown (lOYR 4/4) heavy silt 
loam, with dark grayish brown (lOYR 4/2) worm mixings, light 
yellowish brown (lOYR 6/4) dry; weak thin platy structure; 
friable; neutral; clear smooth boundary. 
Btl (36-51 cm); dark yellowish brown (lOYR 4/4) medium silty 
clay loam; brown (lOYR 4/3) coatings; moderate medium sub-
angular blocky structure parting to fine subangular blocky; 
friable; thin discontinuous dark brown (lOYR 3/3) clay films; 
strongly acid; clear smooth boundary. 
Bt2 (51-74 cm) ; dark yellowish brown (lOYR 4/4) medium silty 
clay loam with brown (lOYR 4/3) coatings; moderate medium sub-
angular blocky structure parting to fine subangular blocky; 
friable; thick discontinuous brown (lOYR 4/3) clay films; 
strongly acid; gradual smooth boundary. 
Bt3 (74-102 cm) ; dark yellowish brown (lOYR 4/4) medium silty 
clay loam; moderate fine angular blocky structure; friable; 
thick continuous dark yellowish brown (lOYR 3/4) clay films; 
light gray (lOYR 7/1) silt coats; few dark (7.5N 2/0) manga­
nese oxides; abundant roots; strongly acid; clear smooth 
boundary. 
Bt4 (102-132 cm) ; yellowish brown (lOYR 5/4) light silty 
clay loam, with brown (lOYR 5/3) coatings; moderate fine 
angular blocky structure; friable; thin discontinuous brown 
(lOYR 4/3) clay films; few dark (7.5Y N2/0) manganese oxides; 
strongly acid; gradual smooth boundary. 
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Bt2 (51-74 cm); dark yellowish brown (lOYR 4/4) medium silty 
clay loam with brown (lOYR 4/3) coatings; moderate medium sub-
angular blocky structure parting to fine subangular blocky; 
friable; thick discontinuous brown (lOYR 4/3) clay films; 
strongly acid; gradual smooth boundary. 
Bt3 (74-102 cm); dark yellowish brown (lOYR 4/4) medium silty 
clay loam; moderate fine angular blocky structure; friable; 
thick continuous dark yellowish brown (lOYR 3/4) clay films; 
light gray (lOYR 7/1) silt coats; few dark (7.5N 2/0) 
manganese oxides; abundant roots; strongly acid; clear smooth 
boundary. 
Bt4 (102-132 cm); yellowish brown (lOYR 5/4) light silty clay 
loam, with brown (lOYR 5/3) coatings; moderate fine angular 
blocky structure; friable; thin discontinuous brown (lOYR 
4/3) clay films; few dark (7.5Y N2/0) manganese oxides; 
strongly acid; gradual smooth boundary. 
EC (182-160 cm); dark yellowish brown (lOYR 4/4) light silty 
clay loam; few fine faint (lOYR 5/2) mottles; weak medium 
prismatic structure; friable; thin discontinuous dark brown 
(lOYR 3/3) clay films; abundant roots; few dark (7.5Y N2/0) 
manganese oxides; very strongly acid; gradual smooth boundary. 
C (160-206 cm); dark yellowish brown (lOYR 4/4) heavy silt 
loam; common fine faint (lOYR 5/2) mottles; massive; friable; 
dark grayish brown (lOYR 2/2) clay films in root channels; 
many dark (7.5Y N2/0) manganese oxides; strongly acid. 
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APPENDIX B: LABORATORY AND PROFILE DATA 
Glossary of Terms Used to Identify 
Laboratory and Profile Data 
The following is a list of abbreviations used in the 
laboratory and profile data tables. 
DEPTH CM Depth in centimeters 
MIDPT CM Midpoint of horizon in centimeters 
HORIZON Standard horizon nomenclature 
PH pH 
CLAY Percent clay 
FISILT Percent fine silt 
COSILT Percent coarse silt 
SAND Percent sand 
EXAL KCl-extractable A1 (meq/100 g) 
EXTAL Ammonium acetate-extractable Al (meq/100 g) 
OXAL Ammonium oxalate extractable AI2O3 (%) 
DITAL CBD-extractable AI2O3 •(%) 
OXFE Ammonium oxalate-extractable Fe203 (%) 
DITFE CBD-extractable Fe203 (%) 
ALOD OXAL/DITAL 
FEOD OXFE/DITFE 
OC Organic carbon {%) 
52MB120: Tama 
Depth Horizon MIDPT PR CLAY FISILT COSILT SAND 
0-18 Ap 9.0 6.1 25.8 39.8 32.0 2.4 
18-33 A1 25.5 5.4 28.5 43.3 26.2 1.9 
33-53 A2 43.0 5.2 32.0 39.4 26.2 2.3 
53-64 BA 58.5 5.1 32.8 39.6 25.3 2.3 
64-81 Btl 72.5 5.2 34.5 34.2 29.7 1.6 
81-91 Btl 86.0 5.2 35.4 37.0 26.3 1.3 
91-102 Bt2 96.5 5.3 35.9 36.1 26.8 1.6 
102-112 BCl 107.0 5.3 33.1 34.7 30.0 2.2 
112-122 BC2 117.0 5.4 31.5 33.2 32.9 2.3 
122-132 CI 127.0 5.3 30.8 32.6 34.5 2.1 
132-145 CI 138.5 5.5 29.6 33.5 43.6 1.9 
145-160 C2 152.5 5.6 29.1 27.6 41.2 2.0 
160-175 C2 167.5 5.7 27.6 26.6 43.6 2.2 
175-185 C2 180.0 5.8 27.3 32.4 38.2 2.2 
185-196 C2 190.5 6.0 26.4 32.3 39.1 2.2 
52MB162: Downs 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-13 A 6.5 7.3 25.2 38.6 31.4 1.5 
13-25 E 19.0 7.1 24.8 39.6 24.8 1.3 
25-43 BE 34.0 7.1 28.9 43.5 26.3 1.3 
43-61 Btl 52.0 7.2 35.2 40.8 22.8 1.2 
61-79 Bt2 70.0 7.1 35.2 38.9 24.5 1.5 
79-94 Bt2 86.5 7.0 33.8 38.6 26.2 1.5 
94-107 Bt3 100.5 6.9 31.9 33.8 32.7 1.7 
107-124 Bt4 115.5 6.6 30.9 38.6 28.6 1.8 
124-140 BCl 132.0 6.3 29.1 38.3 30.9 1.7 
140-160 BC2 150.0 6.2 29.9 38.6 29.6 1.9 
160-178 C 169.0 6.1 26.1 38.5 33.5 1.9 
178-190 C 184.0 6.0 25.5 35.3 36.7 2.5 
190-203 C 196.5 5.9 24.2 34.3 38.7 2.9 
392 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.07 0.23 
0.00 0.24 0.26 
0.05 0.46 0.34 
0.16 0.81 0.36 
0.29 0.85 0.34 
0.28 0.92 0.31 
0.23 0.92 0.31 
0.20 0.78 0.28 
0.19 0.68 0.25 
0.10 0.57 0.22 
0.10 0.61 0.21 
0.03 0.50 0.19 
0.07 0.43 0.17 
0.00 0.41 0.16 
0.00 0.35 0.15 
0.21 0.52 1.30 
0.27 0.51 1.34 
0.34 0.56 1.54 
0.37 0.61 1.62 
0.37 0.59 1.63 
0.36 0.49 1.71 
0.36 0.51 1.76 
0.35 0.48 1.75 
0.30 0.51 1.73 
0.26 0.41 1.72 
0.25 0.41 1.72 
0.24 0.42 1.73 
0.19 0.40 1.65 
0.18 0.37 1.62 
0.17 0.32 1.49 
1.12 0.40 2.64 
0.96 0.38 1.94 
0.99 0.36 1.62 
0.99 0.38 1.19 
0.92 0.36 0.75 
0.86 0.29 0.42 
0.86 0.29 0.42 
0.77 0.27 0.25 
0.83 0.29 0.30 
0.85 0.23 0.17 
0.84 0.24 0.24 
0.78 0.25 0.13 
0.91 0.24 0.09 
0.93 0.23 0.15 
0.92 0.21 0.09 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.0 0.00 0.13 0.18 0.32 1.27 0.75 0.25 3.35 
0.0 0.00 0.16 0.20 0.34 1.32 0.82 0.26 2.41 
0.0 0.08 0.20 0.25 0.38 1.56 0.80 0.24 1.26 
0.0 0.37 0.25 Û .30 0.48 1.87 0.62 0.26 0 .67 
0.0 0.58 0.25 0.33 0.46 2.01 0.76 0.23 0.46 
0.0 0.53 0.24 0.31 0.46 1.95 0.77 0.24 0.30 
0.0 0.55 0.22 0.29 0.45 2.00 0.76 0.23 0.29 
0.0 0.53 0.20 0.27 0.49 1.92 0.74 0.26 0.15 
0.0 0.44 0.18 0.25 0.56 1.89 0.73 0.26 0.19 
0.0 0.40 0.18 0.23 0.47 1.84 0.77 0.26 0.14 
0.0 0.37 0.16 0.20 0.43 1.70 0.77 0.25 0.14 
0.0 0.28 0.15 0.18 0.41 1.63 0.80 0.25 0.10 
0.0 0.26 0.14 0.17 0.40 1.65 0.81 0.24 0.13 
52MB163: Fayette 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-20 Ap 10.0 5.2 15.6 49.6 32.0 2.7 
20-30 E 25.0 5.6 15.8 45.7 36.1 2.4 
30-43 BE 36.5 6.2 24.6 42.4 31.4 1.6 
43-56 Btl 49.5 5.7 30.8 37.6 30.4 1.2 
56-74 Bt2 65.0 5.0 35.3 34.5 29.0 1.2 
74-84 Bt3 79.0 4.9 36.8 32.8 29.3 1.2 
84-94 Bt3 89.0 4.9 35.7 33.3 29.6 1.3 
94-109 BCl 101.5 4.9 34.0 30.2 31.2 2.4 
109-122 BCl 115.5 4.9 32.8 30.9 33.8 2.5 
122-140 BC2 131.0 5.0 30.7 28.2 37.9 3.2 
140-155 Cl 147.5 5.1 27.4 30.7 39.1 2.9 
155-168 Cl 161.5 5.2 28.2 32.5 37.0 2.2 
168-180 Cl 174.0 5.3 27.6 29.5 40.1 2.8 
180-196 C2 188.0 5.4 26.3 31.7 39.6 2.4 
196-213 C2 204.5 5.4 23.6 31.7 42.2 2.5 
52MB118: Garwin 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-20 Ap 10.0 5.1 30.8 37.8 29.4 2.0 
20-40 Al 30.0 4.7 33.5 36.6 27.8 2.2 
40-52 A2 49.0 5.2 35.4 35.8 26.8 1.9 
58-71 BA 64.5 5.4 36.5 35.2 26.1 1.8 
71-81 Bwl 76.0 5.5 38.3 34.3 25.6 1.7 
81-91 Bwl 86.0 5.6 37.8 31.9 28.5 1.8 
91-112 Bw2 101.5 5.7 34.4 32.0 31.7 1.8 
112-122 BCg 117.0 6.2 30.6 32.2 35.4 1.8 
122-132 BCg 127.0 6.8 27.6 41.3 28.3 2.8 
132-145 Cgi 138.5 7.0 27.0 41.5 29.6 1.9 
145-160 Cg2 152.5 7.6 22.9 41.4 33.8 1.9 
160-175 Cg2 167.5 7.7 21.9 40.3 36.2 1.6 
175-183 Cg2 179.0 7.7 21.7 37.0 39.6 1.7 
183-198 Cg3 190.5 7.8 20.5 35.9 41.8 1.8 
198-213 Cg3 205.5 7.9 19.9 47.0 31.4 1.7 
394 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.13 0.12 
0.10 0.07 0.14 
0.10 0.24 0.17 
0.00 0.55 0.22 
1.26 0.79 0.26 
1.71 0.85 0.26 
1.37 0.76 0.23 
1.17 0.72 0.21 
1.24 0.63 0.18 
1.33 0.53 0.17 
0.74 0.42 0.14 
0.56 0.35 0.13 
0.40 0.31 0.12 
0.30 0.26 0.12 
0.26 0.26 0.12 
0.17 0.28 0.93 
0.16 0.32 0.97 
0.21 0.39 1.40 
0.28 0.48 1.68 
0.31 0.59 1.89 
0.32 0.56 1.89 
0.31 0.52 1.85 
0.28 0.54 1.79 
0.26 0.50 1.78 
0.24 0.49 1.79 
0.20 0.43 1.74 
0.19 0.44 1.74 
0.18 0.42 1.72 
0.19 0.43 1.74 
0.18 0.38 1.64 
0.71 0.30 1.21 
0.87 0.33 0.95 
0.80 0.28 0.41 
0.80 0.29 0.45 
0.83 0.31 0.39 
0.81 0.29 0.38 
0.74 0.28 0.24 
0.74 0.30 0.28 
0.69 0.28 0.27 
0.69 0.28 0.09 
0.68 0.25 0.10 
0.65 0.26 0.05 
0.65 0.24 0.05 
0.63 0.25 0.04 
0.67 0.23 0.08 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.0 0.34 0.30 0.33 0.44 0.99 0.91 0.44 3.78 
0.1 0.52 0.32 0.38 0.39 1.03 0.84 0.38 2.59 
0.1 0.63 0.34 0.39 0.40 1.10 0.87 0.36 1.86 
0.2 0.63 0.33 0.39 0.35 1.18 0.85 0.29 1.32 
0.2 0.67 0.31 0.38 0.34 1.29 0.82 0.27 0.79 
0.1 0.67 0.33 0.40 0.38 1.35 0.83 0.28 0.42 
0.1 0.63 0.28 0.39 0.35 1.42 0.72 0.25 0.22 
0.0 0.47 0.24 0.33 0.33 1.50 0.73 0.22 0.11 
0.0 0.39 0.19 0.28 0.39 1.82 0.68 0.21 0.10 
0.0 0.38 0.14 0.25 0.21 2.51 0.68 0.10 0.11 
0.0 0.41 0.11 0.16 0.12 0.93 0.56 0.13 0.09 
0.0 0.38 0.10 0.16 0.12 1.12 0.69 0.11 0.12 
0.0 0.36 0.10 0.14 0.14 1.01 0.63 0.14 0.04 
0.0 0.39 0.10 0.15 0.13 1.16 0.71 0.11 0.04 
0.0 0.41 0.10 0.15 0.13 1.09 0.67 0.12 0.04 
52MB160: Waiford 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-15 A 7.5 6.4 24.3 46.2 26.7 2.9 
15-23 E 19.0 6.5 23.7 47.5 26.0 2.8 
23-36 BE 29.5 5.7 30.4 42.9 23.6 3.1 
36-48 Btgl 42.0 5.4 39.5 37.3 22.0 1.2 
48-56 Btg2 52.0 5.2 41.8 35.5 21.5 1.2 
56-68 Btg2 62.0 5.3 38.6 35.7 24.3 1.4 
68-79 Btg3 73.5 5.3 37.6 35.8 25.1 1-5 
79-94 Btg4 . 86.5 5.7 34.3 36.3 27.5 1.9 
94-109 BCgl 101.5 5.9 30.1 35.5 32.1 2.3 
109-124 BCg2 116.5 6.3 32.6 30.5 34.8 2.0 
124-140 Cgl 132.0 6.7 31.6 33.3 32.8 2.3 
140-152 Cg2 146.0 7.0 27.6 32.5 36.7 3.3 
152-165 Cg2 158.5 7.2 26.8 33.9 36.2 3.0 
165-178 Cg3 171.5 7.6 23.5 35.3 38.9 2.4 
178-188 Cg3 183.0 7.7 20.5 37.5 39.7 2.3 
SCS164: Traer 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-18 Apl 9.0 6.9 18.4 41.6 31.6 8.4 
18-28 Ap2 23.0 7.0 19.0 41.8 34.9 4.3 
28-43 E 35.5 6.8 19.5 46.8 30.1 3.6 
43-53 BE 48.0 5.1 27.0 42.7 27.1 3.2 
53-69 Btgl 61.0 5.0 39.4 34.6 23.4 2.6 
69-81 Btg2 75.0 5.2 37.5 37.1 21.9 3.5 
81-96 Btg3 88.5 5.2 37.0 38-7 21.3- 3.0 
96-117 Btg4 106.5 5.3 28.7 42.5 25.7 3.1 
117-137 BCg 127.0 5.4 28.7 36.5 31.1 3.7 
137-183 C 160.0 6.0 25.8 18.8 52.9 2.5 
396 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.09 0.16 
0.00 0.07 0.16 
0.00 0.37 0.24 
0.65 0.73 0.30 
1.30 0.84 0.34 
0.98 0.81 0.32 
0.62 0.64 0.25 
0.18 0.46 0.25 
0.05 0.36 0.19 
0.06 0.30 0.19 
0.13 0.30 0.17 
0.00 0.30 0.13 
0.00 0.27 0.11 
0.00 0.28 0.07 
0.00 0.32 0.06 
0.13 0.52 0.88 
0.13 0.46 0.87 
0.23 0.47 1.06 
0.29 0.26 0.87 
0.32 0.35 1.14 
0.31 0.31 0.99 
0.27 0.33 1.06 
0,24 0.46 1.74 
0.14 0.21 0.57 
0.15 0.26 0.96 
0.12 0.17 0.73 
0.11 0.32 1.31 
0.11 0.33 2.23 
0.08 0.09 0.81 
0.07 0.05 0.55 
1.23 0.59 1.69 
1.19 0.53 1.57 
0.97 0.45 0.54 
1.05 0.30 0.43 
1.07 0.31 0.31 
1.03 0.31 0.21 
0.93 0.31 0.17 
1.03 0.26 0.15 
1.34 0.36 0.02 
1.32 0.27 0.02 
1.43 0.23 0.02 
1.19 0.25 0.02 
0.99 0.15 0.10 
0.99 0.11 0.06 
0.89 0.10 0.00 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.00 0.13 0.18 0.43 0.92 0.72 0.47 1.31 
0.00 0.00 0.15 0.17 0.53 0.99 0.88 0.54 1.12 
0.00 0.15 0.12 0.15 0.31 0.80 0.80 0.39 0.27 
1.17 0.78 0.17 0.26 0.37 1.52 0.65 0.24 0.24 
1.99 1.02 0.27 0.34 0.47 1.60 0.79 0.27 0.27 
1.37 0.80 0.26 0.32 0.54 1.68 0.81 0.16 0.16 
1.27 0.69 0.22 0.29 0.64 1.54 0.76 0.15 0.15 
0.78 0.49 0.14 0.25 0.63 1.57 0.56 0.06 0.06 
0.79 0.39 0.10 0.22 0.40 1.44 0.45 0.06 0.06 
0.00 0.19 0.23 0.16 0.30 1.52 1.44 0.06 0.06 
52MB281: Otley 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-18 Ap 9.0 6.1 24.1 43.1 31.1 1.7 
18-30 A 24.0 6.5 26.4 41.4 30.8 1.4 
30-46 AB 38.0 6.1 30.9 41.1 36.6 1.4 
46-64 Btl 55.0 5.4 33.6 39.7 25.2 1.4 
64-74 Bt2 69.0 5.0 34.1 38.3 26.2 1.4 
74-84 Bt2 79.0 5.0 34.3 38.4 25.8 1.5 
84-94 Bt3 89.0 5.0 32.9 39.8 25.8 1.5 
94-102 Bt3 98.0 5.0 31.6 37.2 29.8 1.4 
102-114. Bt4 108.0 5.1 32.5 35.1 30.9 1.5 
114-130 Bt4 122.0 5.2 32.2 35.3 31.0 1.5 
130-147 BCl 138.5 5.3 30.0 33.0 35.3 1.7 
147-160 BC2 153.5 5.5 29.0 37.6 32.2 1.3 
160-173 CI 166.5 5.6 28.2 35.8 34.6 1.4 
173-183 CI 178.0 5.7 25.3 36.8 36.4 1.5 
183-198 C2 190.5 5.8 24.1 37.5 37.1 1.3 
198-213 C2 205.5 5.9 23.8 35.2 39.6 1.4 
52MB76: Ladoga 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-13 Ap 6.5 6.0 24.8 37.1 35.3 2.8 
13-25 E 19.0 5.8 23.0 42.7 34.0 2.9 
25-36 BE 30.5 4.9 28.3 39.2 30.5 2.0 
36—46 Btl 41.0 4.8 36.1 35.5 27.2 1.2 
46—56 Btl 51.0 4.6 37.0 34.0 28.0 1.1 
56-66 Bt2 61.0 4.7 36.1 27.5 35.0 1.4 
66—7 6 Bt2 71.0 4.9 36.1 36.2 26.3 1.4 
76-89 Bt3 82.5 5.1 35.2 37.6 25.8 1.3 
89-102 Bt4 95.5 5.2 34.3 33.1 31.1 1.6 
102-114 Bt5 108.0 5.3 32,5 33.1 32.9 1.5 
114-132 BC 123.0 5.5 31.3 37.2 30.0 1.5 
132-150 BC 141.0 5.7 30.9 37.6 30.3 1.3 
150-165 CI 157.5 6.0 28.7 35.1 34.8 1.4 
165-178 C2 171.5 6.2 26.6 34.6 37.1 1.6 
178-190 C2 184.0 6.4 26.2 31.5 40.9 1.4 
190-203 C2 196.5 6.5 24.8 32.5 41.4 1.4 
203-213 C2 208.0 6.7 24.6 33.8 40.2 1.3 
398 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.06 0.15 
0.00 0.06 0.18 
0.00 0.22 0.20 
0.38 0.67 0.26 
1.88 0.95 0.27 
1.56 0.86 0.20 
1.29 0.74 0.19 
1.32 0.78 0.22 
1.33 0.71 0.26 
0.93 0.61 0.21 
0.57 0.40 0.19 
0.32 0.33 0.20 
0.21 0.29 0.16 
0.32 0.25 0.14 
0.20 0.22 0.11 
0.00 0.20 0.09 
0.26 0.48 1.34 
0.25 0.49 1.40 
0.32 0.45 1.61 
0.38 0.54 1.71 
0.38 0.63 1.79 
0.36 0.47 1.79 
0.36 0.46 1.82 
0.36 0.53 1.76 
0.31 0.66 1.78 
0.28 0.56 1.78 
0.24 0.55 1.76 
0.21 0.60 1.67 
0.18 0.50 1.58 
0.16 0.39 1.54 
0.14 0.38 1.40 
0.12 0.36 1.37 
0.59 0.36 2.03 
0.70 0.35 1.38 
0.64 0.28 1.02 
0.68 0.32 0.73 
0.70 0.35 0.41 
0.56 0.26 0.38 
0.54 0.25 0.31 
0.66 0.30 0.20 
0.84 0.37 0.23 
0.75 0.31 0.24 
0.95 0.31 0.16 
0.93 0.36 0.13 
0.87 0.32 0.07 
0.84 0.25 0.16 
0.64 0.27 0.06 
0.75 0.26 0.05 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.11 0.16 
0. 00 0.14 0.16 
0.32 0.79 0.26 
1.21 0.94 0.26 
1.57 1.06 0.29 
1.80 1.09 0.24 
1.75 1.04 0.28 
1.75 1.06 0.29 
1.24 0.89 0.24 
0.96 0.71 0.21 
0.65 0.51 0.18 
0.45 0.45 0.17 
0.31 0.35 0.15 
0.14 0.30 0.13 
0.15 0.28 0.13 
0.00 0.24 0.13 
0.00 0.26 0.14 
0.20 0.52 1.29 
0.20 0.52 1.25 
0.28 0.56 1.57 
0.32 0.53 1.67 
0.32 0.60 1.73 
0.34 0.52 1.75 
0.34 0.71 1.80 
0.30 0.76 1.77 
0.26 0.64 1.67 
0.23 0.53 1.56 
0.22 0.48 1.60 
0.19 0.46 1.52 
0.18 0.41 1.52 
0.16 0.40 1.47 
0.15 0.40 1.44 
0.16 0.38 1.58 
0.15 0.38 1.51 
0.78 0.41 1.84 
0.81 0.42 1.52 
0.93 0.36 0.60 
0.79 0.32 0.54 
0.91 0.35 0.37 
0.71 0.30 0.35 
0.84 0.30 0.32 
0.96 0.43 0.23 
0.92 0.38 0.15 
0.93 0.34 0.08 
0.80 0.30 0. 07 
0.93 0.31 0.05 
0.82 0.29 0.15 
0.77 0.27 0.08 
0.84 0.28 0.11 
0.81 0.24 0.07 
0.89 0.26 0.10 
92MB8 0: Clinton 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-20 Ap 10.0 6.8 20.0 33.9 44.1 2.4 
20-36 BE 28.0 6.7 25.9 36.4 35.5 1.4 
36-51 Btl 43.5 5.5 34.1 39.2 25.7 1.1 
51-61 Bt2 56.0 5.0 36.9 37.3 24 .6 1.2 
61-74 Bt2 67.5 5.2 35.3 36.1 27.5 1.1 
74-89 Bt3 81.5 5.2 35.7 39.8 23.6 0.9 
89-102 Bt3 95.5 5.2 34.0 42.5 22.6 0.9 
102-117 Bt4 109.5 5.1 32.8 36.8 29.3 1.2 
117-132 Bt4 124.5 5.1 31.2 35.0 32.1 1.1 
132-147 BC 139.5 5.0 31.3 31.6 35.8 1.3 
147-160 BC 153.5 5.0 27.9 33.6 37.0 1.6 
160-175 C 167.5 5.2 25.8 37.6 35.4 1.3 
175-190 C 182.5 5.2 24.0 36.3 . 38.3 1.4 
190-206 C 198.0 5.3 23.7 34.3 40.6 1.4 
P916: Grundy 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-18 Ap 9.0 5.7 25.5 35.0 37.1 2.4 
18-25 A 21.5 5.5 27.4 34.8 34.0 3.8 
25-36 BA 30.5 5.2 30.4 33.8 31.1 4.7 
36-48 Btl 42.0 5.0 36.3 23.8 36.9 3.0 
48-61 Bt2 54.5 5.1 42.0 30.2 25.5 2.3 
61-76 Bt3 68.5 5.2 41.3 30.4 25.2 3.1 
76-91 Bt4 83.5 5.4 38.1 32.5 27.7 1.7 
91-107 BC 99.0 5.5 38.2 33.0 27.4 1.4 
107-132 CI 119.5 5.8 33.4 33.4 31.6 1.6 
132-152 C2 142.0 6.0 31.2 33.1 33.6 2.1 
152-183 C3 167.5 6.3 27.4 33.5 28.3 1.2 
183-213 C4 198.0 6.6 24.9 41.5 32.6 1.0 
400 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0. 00 0.06 0.12 0.15 0.35 1.19 0.79 0.29 1.75 
0.00 0.27 0.20 0.22 0.40 1.49 0.92 0.27 1.61 
0.10 0.61 0.24 0.30 0.48 1.82 0.77 0.26 0.95 
0.50 0.72 0.27 0.35 0.44 1.97 0.78 0.23 0.94 
0.45 0.68 0.28 0.33 0.61 1.97 0.86 0.31 0.82 
0.65 0.77 0.26 0.31 0.56 1.98 0.87 0.28 0.61 
0.70 0.70 0.24 0.30 0.64 2.03 0.80 0.31 0.47 
0.60 0.68 0.21 0.29 0.60 1.92 0.74 0.31 0.42 
0.50 0.48 0.19 0.25 0.56 1.85 0.75 0.30 0.29 
0.40 0.49 0.18 0.23 0.60 1.75 0.80 0.34 0.25 
0.35 0.42 0.17 0.21 0.45 1.72 0.82 0.26 0.16 
0.30 0.36 0.14 0.19 0.44 1.77 0.74 0.25 0.16 
0.20 0.29 0.14 0.17 0.41 1.72 0.81 0.24 0.16 
0.15 0.27 0.11 0.15 0.38 1.60 0.75 0.24 0.08 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.11 0.23 
0.00 0.27 0.25 
0.12 0.53 0.30 
0.20 0.62 0.33 
0.36 0.76 0.34 
0.27 0.63 0.35 
0.18 0.53 0.30 
0.10 0.44 0.27 
0.00 0.34 0.22 
0.00 0.30 0.18 
0.00 0.28 0.15 
0.00 0.28 0.16 
0.20 0.53 1.08 
0.23 0.49 1.16 
0.28 0.55 1.25 
0.33 0.56 1.43 
0.37 0.45 1.58 
0.37 0.43 1.45 
0.29 0.39 1.27 
0.22 0.38 1.32 
0.17 0.50 1.42 
0.16 0.51 1.50 
0.15 0.39 1.42 
0.13 0.28 1.21 
1.15 0.49 1.93 
1.09 0.42 1.63 
1.07 0.44 1.20 
1.00 0.39 0.81 
0.92 0.28 0.54 
0.95 0.30 0.34 
1.03 0.31 0.18 
1.23 0.29 0.22 
1.29 0.35 0.10 
1.13 0.34 0.08 
1.00 0.27 0.06 
1.23 0.23 0. 06 
P911: Pershing 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-20 Ap 10.0 5.8 21.5 42.7 31.6 4.2 
20-28 El 24.0 5.3 22.6 44.4 29.2 3.8 
28-38 E2 33.0 5.2 25.7 43.0 27.7 3.6 
38-53 BE 45.5 5.0 35,5 38.9 23.3 2.3 
53-69 Btl 61.0 5.0 44.3 33.9 20.5 1.3 
69-91 Bt2 80.0 5.4 41.9 33.9 22.8 1.4 
91-109 Bt3 100.0 5.6 38.0 35.4 25.0 1.6 
109-135 Btg 122.0 5.7 35.3 36.1 27.3 1.3 
135-155 BCg 145.0 5.9 32.7 36.9 29.4 1.0 
P909: Weller 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-10 A 5.0 6.7 19.6 • 45.9 31.6 2.9 
10-18 El 14.0 5.3 20.6 46.0 31.3 2.1 
18-38 E2 28.0 4.6 21.8 46.4 30.1 1.7 
38-48 EB 43.0 4.6 25.9 43.4 28.6 2.1 
48-58 BE 53.0 4.6 30.6 41.5 26.2 1.7 
58-71 Btl 64.5 4.3 47.5 30.9 20.4 1.2 
71-84 Bt2 77.5 4.4 46.6 33.1 19.2 1.1 
84-97 Btgl 90.5 4.3 43.7 35.2 20.4 0.7 
97-119 Btg2 108.0 4.5 39.9 36.2 23.2 0.7 
119-145 BCg 132.0 5.1 34.9 39.1 24.9 1.1 
145-175 Cg 160.0 5.8 31.2 41.0 27.0 0.8 
402 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0. 00 0.07 0.14 0.15 0.44 0.97 0.93 0.45 1.85 
0.00 0.29 0.17 0.17 0.44 0.96 1.00 0.46 1.01 
0.10 0.47 0.21 0.20 0.59 1.62 1.05 0.36 0.57 
0.56 0.58 0.23 0.26 0.54 1.39 1.15 0.39 0.42 
0.82 0.64 0.28 0.32 0.58 1.50 0.87 0.38 0.42 
0.17 0.49 0.26 0.26 0.65 1.35 1.00 0.48 0.28 
0.18 0.38 0.19 0.22 0.48 1.28 0.86 0.38 0.19 
0.12 0.27 0.16 0.15 0.52 1.39 1.07 0.37 0.15 
0.00 0.25 0.15 0.14 0.49 1.33 1.07 0.37 0.12 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.03 0.19 0.21 0.49 1.11- 0.91 0.44 3.04 
0.00 0.29 0.25 0.26 0.46 0.16 0.96 0.40 1.89 
2.56 2.02 0.26 0.28 0.47 0.29 0.93 0.36 0.57 
5.14 3.61 0.29 0.31 0.53 1.43 0.94 0.37 0.30 
6.54 4.26 0.32 0.33 0.68 1.69 0.97 0.40 0.27 
8.47 3.83 0.42 0.43 0.65 1.83 0.98 0.36 0.31 
7.45 3.18 0.37 0.39 0.63 1.77 0.95 0.36 0.31 
5.51 2.23 0.33 0.35 0.52 1.59 0.94 0.36 0.26 
3.46 1.03 0.25 0.26 0.47 1.41 0.96 0.33 0.16 
0.80 0.38 0.17 0.18 0.54 1.47 0.94 0.37 0.11 
0.17 0.21 0.14 0.15 0.47 1.30 0.94 0.36 0.11 
P708: Seymour 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-15 Aid 7.5 5.5 25.7 32.9 38.1 3.3 
15-23 AÏ 19.0 5.4 27.9 30.5 38.4 3.2 
23-33 A2 28.0 5.4 30.1 27.4 38.4 4.1 
33-43 BA 38.0 - 5.4 34.6 23.8 37.4 4.2 
43-55 Btgl 49.0 5.4 53.4 17.1 28.2 1.3 
88-100 Btg4 94.0 6.3 40.5 22.8 29.9 1.8 
100-115 Btg5 107.5 6.4 39.3 23.8 36.2 0.7 
115-128 BCgl 121.5 6.4 38.3 23.5 37.5 0.7 
128-153 BCg2 140.5 6.6 35.6 24.9 38.9 0.6 
153-178 BCg3 165.5 6.4 34.6 24.0 40.8 0.6 
178-195 2AB 186.5 6.4 37.6 20.7 40.1 2.2 
P903: Kniffin 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-15 A 7.5 4.9 33.8 34.8 27.9 3.5 
15-23 E 19.0 4.6 37.3 34.1 26.3 2.3 
23-36 BE 29.5 4.7 42.2 33.3 23.0 1.5 
36-46 Btl 41.0 4.8 50.4 29.6 19.2 0.8 
46-58 Bt2 52.0 5.4 43.3 36.0 20.0 0.7 
58-71 Btgl 64.5 6.0 36.0 42.1 21.0 0.9 
71-89 BCal 80.0 6.3 32.6 40.1 26.6 0.7 
89-114 BCg2 101.5 6.3 32.0 41.4 26.0 0.6 
114-132 BCg3 123.0 6.3 30.3 44.3 21.4 4.0 
132-160 BCg4 146.0 6.3 24.5 41.2 19-7 14.6 
160-180 cg 170.0 6.3 19.9 30.3 19.6 30.2 
404 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.28 0.26 0.27 0.66 1.17 0.96 0.56 2.41 
0.16 0.50 0.28 0.34 0.60 1.39 0.82 0.43 1.46 
0.31 0.54 0.27 0.35 0.71 1.64 0.77 0.43 0.98 
0.36 0.60 0.34 0.46 0.93 2.18 0.74 0.43 0.78 
0.33 0.56 0.41 0.47 0.55 1.77 0.87 0.31 0.73 
0.10 0.43 0.19 0.21 0.23 0.71 0.90 0.32 0.20 
0.10 0.42 0.18 0.21 0.51 1.48 0.86 0.34 0.19 
0.00 0.32 0.16 0.18 0.22 0.63 0.89 0.35 0.16 
0.00 0.34 0.14 0.13 0.20 0.41 1.08 0.49 0.12 
0.00 0.34 0.16 0.14 0.21 0.46 1.14 0.46 0.12 
0.00 0.32 0.17 0.15 0.30 0.58 1.13 0.42 0.19 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.33 0.76 0.32 0.38 0.58 1.39 0.84 0.42 3.34 
2.56 2.10 0.38 0.46 0.54 1.51 0.83 0.36 2.07 
3.66 2.44 0.39 0.52 0.45 1.66 0.75 0.27 1.52 
2.54 1.70 0.38 0.53 0.44 1.92 0.72 0.23 0.95 
0.64 0.72 0.26 0.31 0.52 1.54 0.84 0.34 0.53 
0.00 0.38 0.16 0.19 0.50 1.40 0.84 0.36 0.22 
0.00 0.28 0.13 0.14 0.45 1.43 0.93 0.31 0.14 
0.00 0.28 0.14 0.14 0.60 1.60 1.00 0.38 0.11 
0.00 0.28 0.13 0.13 0.60 1.76 1.00 0.34 0.15 
0.00 0.27 0.12 0.12 0.59 1.36 1.00 0.43 0.15 
0.00 0.16 0.07 0.14 0.31 1.17 0.50 0.26 0.11 
P906: Rathbun 
Depth Horizon MIDPT PH CLAY FISILT COSILT SAND 
0-10 A 5.0 5.4 20.7 45.6 29.3 4.4 
10-18 El 14.0 4.7 21.5 46.1 28.7 3.7 
18-33 E2 25.5 4.5 26.1 44.2 26.6 3.1 
33-43 BE 38.0 4.5 37.0 39.1 22.0 1.9 
43-64 Btl 53.5 4.1 52.3 29.4 17.3 1.0 
64-79 Bt2 71.5 4.3 47.2 32.7 19.2 0.9 
79-91 Bt3 85.0 4.4 42.7 35.3 21.2 0.8 
91-112 BCl 101.5 4.9 38.1 37.5 23.6 0.8 
112-137 BC2 124.5 5.9 33.7 40.3 24.6 1.4 
137-160 BC3 148.5 6.5 30.7 43.4 22.9 3.0 
406 
EXAL EXTAL OXAL DITAL OXFE DITFE ALOD FEOD OC 
0.00 0.24 0.22 0.23 0.72 1.16 0.96 0.62 3.24 
0.84 1.27 0.25 0.27 0.64 1.18 0.92 0.54 1.18 
5.04 3.85 0.35 0.36 0.70 1.44 0.97 0.49 0.62 
6.74 4.24 0.40 0.38 0.75 1.54 1.05 0.49 0.46 
8.14 6.12 0.46 0.42 0.64 1.32 1.10 0.48 0.44 
5.29 5.94 0.34 0.34 0.62 1.25 1.00 0.50 0.39 
3.31 2.91 0.26 0.28. 0.59 1.25 0.92 0.47 0.34 
1.08 1.14 0.18 0.20 0.53 1.30 0.90 0.41 0.15 
0. 00 0.46 0.13 0.12 0.53 2.32 1.08 0.23 0.12 
0.00 0.33 0.15 0.14 0.60 2.50 1.07 0.24 0.15 
407 
APPENDIX C: CLAY MINERALOGY DATA 
Oxalate X-ray 
Total analysis extractable oxide diffraction analysis 
of oxide % of clay mineral^ 
Depth Horizon ^ ^2°3 sio^ K^O AlgO^ ^®2°3 SiOg S H M K V 
Q 
52MB120 1 : Tama 
18-33 A1 18.0 44.4 8.1 2.19 0.68 1.24 0.12 — — 31 52 11 6 
64-81 Btl 20.1 47.8 9.1 1.73 0.71 1.09 0.13 41 20 27 5 5 2 
91-102 Bt2 20.2 47.1 9.3 1 .70 0.64 0.99 0.14 50 16 20 4 8 2 
132-145 CI 19.8 47.1 9 . 8 1.40 0.61 0.98 0.18 48 23 18 4 6 1 
105-196 C2 19.7 47.2 9.3 1 .75 0.57 0.98 0.21 52 15 23 4 5 1 
52MB162 : Downs 
0-13 A 17.0 42.2 7.6 2.06 0.58 0.89 0.13 34 13 36 9 4 4 
25-43 BE 20.9 47.1 9.0 2.01 0.69 0.86 0.16 50 12 27 6 4 1 
61-94 Bt2 20.8 48.7 9.6 1.95 0.64 0.89 0.15 47 22 23 4 2 2 
94-124 Bt4 20.3 50.8 10.3 2.16 0.53 1.29 0.18 45 13 31 4 6 1 
160-203 C 19.6 51.8 10.8 1.99 0.44 1.28 0.19 54 10 20 5 10 1 
52MB163: Fayette 
20-30 E 18.3 51.2 8.0 2.47 0.92 1.63 0.17 24 19 32 12 7 6 
56-74 Bt2 20.4 53.9 9.9 1.91 0.54 1.27 0.16 38 28 21 4 6 3 
109-122 BCl 20.0 51.2 9.8 2.02 0.61 1.25 0.16 53 18 15 4 9 1 
168-180 CI 19.7 51.7 10. 6 1.92 0.53 1.10 0.19 50 17 14 4 14 1 
196-213 C2 20.4 51.7 9.8 1.90 0.62 1.28 0.14 47 19 11 5 16 2 
®S-Smectite; H=Hydroxy-interlayered materials; M=Mica; K-Kaolinite; 
V-=Vermiculite; Q=Quartz. 
Oxalate X-ray 
Total analysis extractable oxide diffraction analysis 
Percent of oxide % of clay mineral 
Depth Horizon AlgO^ SiOg Fe^O 3 ^2° AlgO^ ^ ®2°3 SiOg S H M K V Q 
52MB118: Garwin 
20-40 A1 18.2 47.8 7.1 1.88 0.70 0.84 0.09 33 39 21 3 2 2 
71-91 Bwl 19.5 48.0 9.2 1.49 0.74 0.57 0.12 66 15 13 5 - 1 
91-112 Bw2 19.4 49.0 9.1 1.54 0.65 0.52 0.13 52 28 16 2 - 2 
132-145 Cgl 17.9 46.4 13.2 1.64 0.37 0.50 0.21 60 19 15 2 3 1 
196-213 Cg3 18.7 43.6 10.3 1.83 0.38 0.61 0.26 57 19 14 3 6 1 
52MB160: Walford 
15-23 E 17.9 45.9 7.4 2.01 0.63 1.09 0.23 48 15 23 7 4 3 
48-68 Btg2 19.0 46.7 8.7 1.42 0.58 0.50 0.09 54 20 20 2 4 -
94-109 BCgl 18.6 47.4 8.8 1.65 0.30 0.31 0.12 58 16 18 3 4 1 
124-140 Cgl 10.7 45.7 8.7 1.63 0.33 0.26 0.15 45 26 19 3 6 1 
165-180 Cg3 19.1 46.9 9.0 1.96 0.27 0.31 0.18 59 13 19 4 4 1 
SCS164: Traer 
18-28 Ap2 17.6 35.8 7.6 2.20 0.61 2.10 0.18 - 43 38 11 - 8 
53-69 Btgl 20.8 38.9 8.7 1.73 0.45 1.20 0.12 51 22 16 4 6 1 
01-96 Btg3 19.3 40.6 10.0 1.80 0.51 1.20 0.18 52 21 20 3 3 1 
117-137 BCg2 19.5 39.8 9.3 1.74 0.42 1.52 0.18 50 25 18 3 3 1 
137-183 C 19.7 39.2 8.9 1.64 0.51 1.48 0.16 41 29 21 3 4 2 
52MB281 ; Otley 
18-30 A 18.7 39.2 7,8 2.12 0.59 1.29 0.13 
64-84 Bt2 19.7 41.3 8,6 1.62 0.68 1.13 0.16 
130-147 BCl 20.4 42.8 9.8 1.83 0.61 1.39 0.18 
160-183 CI 20.0 43.2 10,3 1.87 0.43 1.15 0.19 
103-213 C2 19.7 43.4 10.4 1.86 0.41 0.97 0.16 
Oxalate X-ray 
Total analysis extractable oxide diffraction analysis 
Percent of oxide % of clay mineral 
Depth Horizon ^ ^2°3 SiOg ^®2°3 K2O ^^2°3 ^ ®2°3 SiOg S H M K V 
Q 
52MB76; Ladoga 
13-25 E 18.3 40.1 7.9 2.05 0.53 1.47 0.17 43 16 23 10 5 3 
56-76 Bt2 19.6 39.5 9.6 1.64 0.59 1.48 0.17 44 19 26 4 5 2 
102-114 Bt5 19.6 41.5 9.6 1.60 0.57 1.38 0.17 51 17 20 5 5 2 
150-165 CI 19.2 41.2 9.7 1.73 0.41 1.13 0.23 49 29 16 5 - 1 
165-213 C2 18.9 39.3 10.4 1.79 47 30 17 5 1 
92MB80: Clinton 
20-36 BE 20.1 42.2 8.7 2.14 0.61 0.86 0.22 37 17 25 14 5 2 
61-74 Bt2 20.1 41.5 9.0 1.83 0.60 1.01 0.21 43 20 27 4 5 1 
89-102 Bt3 20.5 43.1 9.6 1.87 0.60 1.12 0.23 45 24 21 4 5 1 
147-160 BC 20. 2 43.3 10.1 1.89 0.54 1.02 0. 28 47 20 20 3 9 1 
190-206 C 19.8 43.0 10.4 1.92 0.44 0.96 0.27 41 25 20 4 9 1 
P916: Grundy 
0-18 Ap 17.4 35.7 7.3 2.16 0.69 1. 27 0.12 37 23 24 7 6 3 
36-48 Btl 19.2 42.1 9.8 1.85 0.75 0.86 0.11 40 23 23 6 6 2 
91-107 BC3 19.4 40.6 9.2 1.73 0.61 0.59 0.13 48 23 20 3 5 1 
152-183 C3 19.0 38.9 9.6 1.90 0.36 0.76 0.17 59 13 19 2 6 1 
183-213 C4 21.3 37.2 8.8 1.17 0.32 0.41 0.14 52 13 18 8 6 3 
P911 ; Pershing 
20-28 El 17.2 43.6 7.1 2.32 0.62 1.47 0.15 8 26 31 14 11 10 
38-53 BE 18.8 45.2 8.9 1.95 0.55 1.05 0.15 46 12 30 5 4 3 
69-91 Bt2 19.3 44.9 9.1 1.66 0.62 1.08 0.17 59 9 20 2 6 4 
91-109 BCgl 19.2 43.0 9.2 1.77 0.50 1.01 0.18 72 4 17 2 4 1 
135-155 BCg3 18 .6 45.8 10.0 1.84 0.42 1.07 0.22 66 3 19 2 9 1 
Oxalate X-ray 
Total analysis extractable oxide diffraction analysis 
Percent of oxide % of clay mineral 
Depth Horizon AlgOg Sio^ Fe^Og K2O Al^O^ SiO^ S H M K V Q 
P909; Waller 
10-18 El 17.0 41.5 7.7 2.03 0.95 1.67 0.12 20 13 31 15 14 7 
48-58 BE 18 .9 46.0 9.2 1.83 0.68 1.48 0.12 53 10 21 7 7 2 
71-84 Bt2 18 . 3 43.2 9.4 1.55 0.64 1.08 0.11 68 8 16 2 4 2 
97-119 Btg2 18.8 47.8 9.6 1.67 0.50 0.97 0.11 64 5 20 2 9 Tr 
145-175 eg 17.0 48.5 10.4 1.85 0.34 1.04 0.17 62 5 20 4 8 2 
P780: Seymour 
0-15 Ap 13.6 35.9 6.9 1.84 0.67 1.41 0.20 
43-55 Btgl 20.2 40.0 8.7 1.40 0.63 0.46 0. 08 
88-100 Btg4 19.3 42.4 7.5 1.60 0.32 0.22 0.10 
128-153 BCg2 19.7 44.4 7.4 1.70 0.26 0.21 0.12 
178-196 2Ab 21 .0 42.2 6.7 1.13 0.30 0.41 0.12 
P903: Kniffin 
15-23 E 18.6 42.2 7.9 1.70 0.88 0.88 0.07 49 13 21 7 3 7 
36-46 Btl 19.6 42.8 9.2 1.48 0.70 0.65 0.09 52 15 17 5 5 5 
71-89 BCgl 18.9 45.9 9.1 1.69 0.51 1.07 0.19 54 7 27 3 8 1 
114-132 BCg3 19.3 46.1 9.7 1.75 0.46 1.73 0.24 58 8 24 3 5 2 
160-180 eg 20.3 45.3 8.6 1.36 0.46 1.03 0.20 36 28 14 10 5 7 
P906; Rathbun 
10-18 El 16.4 43.9 8.1 1.98 0.64 1.62 0.11 - 20 30 17 26 7 
33-43 BE 18.9 35. 3 8.6 1.61 0.58 0.68 0.16 64 9 17 3 5 2 
64-79 Bt2 18.4 36.9 8.6 1.62 0.46 0.68 0.10 49 21 19 3 7 1 
91-112 BCl 17.9 43.7 9.8 1.80 0.35 0.79 0.14 64 9 19 2 5 1 
412 
APPENDIX D: DATA LISTING FOR 
STATISTICAL ANALYSIS 
Data listing and brief description of the variables in 
the data set. 
Column Identification or variable 
I-2 Profile number 
3-7 Depth to midpoint of horizon (cm) 
8-10 pH 
II-17 Hydrogen ion concentration listed as hydrogen ion 
concentration*1,000,000 
18-21 % Clay 
22-25 % Fine silt 
26-29 % Coarse silt 
30-33 % Sand 
34-37 Potassium chloride extractab1e-Al (meq/100 g) 
38-41 Ammonium acetate extractable-Al (meq/100 g) 
42-45 Ammonium oxalate extractable-Al203 (%) 
46-49 Citrate-bicarbonate-dithionite-extractable-Al203 (%) 
50-53 Ammonium oxalate extractable-Fe203 (%) 
54-57 Citrate-bicarbonate-dithionite-extractable-Fe203 (%) 
58-61 Ammonium oxalate Al203ycitrate-bicarbonate-dithionite 
AI2O3 
62-65 Ammonium oxalate Fe203/Citrate-bicarbonate-dithionite 
F 6203 
66-69 Organic carbon (%) 
70 Stage of profile development: 
l=Tama-Downs-Fayette 
Garwin-Walford-Traer 
2=0tley-Ladoga-Clinton 
3=Grundy-Pershing-Weller 
4=Seymour-Kniffin-Rathbun 
71 Biosequence 
l=Prairie 
2=Prairie/Forest transition 
3=Forest 
72-74 Coded genetic horizon: 
Ap, A1 = 10 B2 = 70 
A2 = 15 B3 = 80 
A3 = 20 B4 = 85 
E = 30 BCl = 90 
EB, AB = 40 BC2 = 95 
BE, BA — 50 BC3 = 100 
B1 = 60 CI = 110 
C2, C3, C4 = 120 
413 
Column Identification or variable 
76-76 Drainage class: 
30 = Well-drained 
40 = Moderately well-drained 
50 = Somewhat poorly drained 
70 = Poorly drained 
